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GEOMORPHIC DEVELOPMENT IN 
HUMID AND ARID REGIONS: A SYNTHESIS 


CHAUNCEY D. HOLMES 


ABSTRACT. Arid-climate landscapes are best explained in terms of Penckian geo- 
morphic concepts and have never been satisfactorily integrated with the Davis system of 
land-form exposition, although integration seems to be quite possible and certainly 
desirable. Attention should be directed to those landscape elements common to both arid 
and humid climates. 

The fundamental elements in subaerial landscape evolution are the so-called wash 
slopes and gravity (or derivation) slopes. These are best displayed in arid regions. In 
humid regions the grass and forest cover have the effect of breaking up these elements 
into small units, though their essential functions and relationships remain unchanged. 
Varying ratios of these small wash- and gravity-slope units give the observed range of 
hillside slopes characteristic of humid regions, tending toward gradual reduction of 
overall slope angle. In arid regions these two types of slope remain more nearly unbroken 
and are therefore more conspicuous. When applied broadly through the climatic range, 
these two fundamental types are regarded as constituting end members of a continuous 
series. This point of view provides a unified basis for description and interpretation of 
all landscapes developed by fluvial erosion. 


INTRODUCTION 


Geomorphic development in arid regions has always had an anomalous 
status in the Davis scheme of geomorphic interpretation, In establishing his 
geographical cycle (as it was called in the early years) Davis drew extensively 
upon the early works of Powell, Dutton, and Gilbert in western and south- 
western United States for most of the basic principles of the cycle concept. 
Yet in those same arid regions, the contrasts with humid-climate landscapes 
have so impressed most later workers that a separate scheme of interpretation 
has seemed necessary. Even Davis himself believed in this necessity, and he 
is perhaps largely responsible for setting the American pattern of thought 
and viewpoint on topographic development under arid climatic conditions 
(Davis, 1905). Maintenance of the separate category in popular geology thus 
established may have offered better professional opportunity than would have 
been the case had more effort been directed toward harmonizing the two 
schemes, inasmuch as the humid-cycle principles then appeared to have been 
thoroughly exploited. At any rate, American geomorphology has continued 
to carry the dual scheme of “normal” and “arid” cycles without apparent 
embarassment. 

No strong opposition to the Davis doctrines developed in America while 
the great author was living. The case for pedimentation instead of “normal” 
peneplanation in the Southwest was satisfactorily established through the work 
of Bryan (1922) and others, and earlier workers among whom McGee (1897) 
deserves special mention, But all this was accepted within the Davisian arid 
cycle without serious misgivings. Opposition from abroad in the form of 
Penckian doctrines has not been taken seriously by most American geologists 
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until recently. Formal statement of the Penck system (Penck, 1924) came 
while Davis was still active, and his writings seemed to refute satisfactorily 
the tenets of the new school. Consequently the realization that the principles 
of pedimentation are in essence those of the Penckian system has come as a 
surprise to many. Now that an authoritative translation of Penck’s chief work 
is available (by Czech and Boswell), its virtues and defects should become 
more generally appreciated. 

The Association of American Geographers sponsored a symposium on 
Penckian geomorphology in 1939, at which time some of the currently used 
English equivalent terms were introduced. However, the belated attention of 
American geologists was drawn more effectively to these geomorphic problems 
by the publication of von Engeln’s Geomorphology (1942), Von Engeln had 
arranged the symposium, and therefore to his efforts we owe a large measure 
of the present awareness of the Penckian principles among American geol- 
ogists. But conservatism is strong, and one may detect a perhaps unconscious 
partisanship in the common tendency to criticize the obvious errors in some 
Penckian principles or to dwell on their less essential aspects. 

Meanwhile other developments have been in process. A recent well- 
prepared textbook (Gilluly, Waters, and Woodford, 1951) scarcely mentions 
the time-honored regional young-mature-old Davisian topography, and the 
omission seems to have created very little comment. This can be taken as 
evidence of serious and growing suspicion that a goodly part of traditional 
Davisian teaching is obsolete. Still more specifically, King (1953) has com- 
pletely rejected both the principle of downwasting of divides and the peneplain 
as the penultimate land form, in favor of scarp retreat and pediment exten- 
sion leading to a compound pediment or pediplain. Even Davis himself (1930, 
p. 136) seems virtually to have acknowledged the existence of pediments in 
humid climates (he called them valley-floor basements), with the offhand 
suggestion that he had taken them for granted since about 1908. 

Because the primary aim of the Penck system was directed toward in- 
terpreting regional diastrophic history, some of the geomorphic principles 
therein expounded must be disengaged from the tectonics in order to evaluate 
their significance. Whether the change from convex to concave slopes, in so 
far as this change can be demonstrated, reflects chiefly rate of uplift may be 
questioned on the ground that other factors also partially control the angle 
of slope. For strictly geomorphic interpretation, the diastrophism involved 
here is as incidental as is the Davisian assumption of rapid uplift followed 
by stillstand. Likewise the problems of Knickpunkte and piedmont benchlands 
lie only partly in their alleged modes of origin, Of equal or greater importance 
is the history of these forms once they have come into existence. This is a 
part of the great central problem of the evolution of valley-side slopes. 
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THE PROBLEM AND THE APPROACH 

To harmonize the concepts of “humid” and “arid” cycles (and incident- 

ally to combine the best elements of the Davis and Penck interpretations), 
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one must go beyond the obvious field facts that parallel slope retreat prevails 
in the more arid regions and that gradual reduction in slope angle is equally 
the rule in the more humid regions. As a first approach, two commonly held 
alternative propositions may be stated: Either (1) the tendency to parallel 
slope retreat is inherent in the hydraulic processes and is present under any 
climatic conditions (Penck); or (2) such tendency arises because of some 
nonhydraulic factors peculiar to arid climates and absent in humid climates 
(implied in Davisian theory). A third proposition, namely, that fundamental 
hydraulic principles depend on the vagaries of climate, is manifestly absurd; 
yet a hint of this uncritical view is inherent in any insistence that erosion 
goes on differently in arid and humid regions. 

Two related problems seem to hold the possibilities of finding a unifying 
solution. The first is to recognize in the two climatic domains the fundamental 
erosion processes and their homologous effects. The second is to account for 
the differences in terms of controls on the erosion processes. 

Most earlier attempts (Davis, 1930; Wood, 1942) to harmonize the 
phenomena of erosion forms in the two contrasting environments have begun 
with those of humid climate and proceeded to the arid-climate forms. In 
reality, the simplest expressions of water-erosion effects are those in arid 
climates. Therefore on the principle that clarity is best achieved by proceed- 
ing from the simpler to the more complex, the following analysis begins with 
a consideration of arid-type landscapes, followed by those under semi-arid 
conditions, and then to the humid-climate landscapes. King (1953) has 
followed this approach in part, but his generalizations have led to revolution- 
ary, rather than evolutionary, conclusions. Nevertheless, all attempts to solve 
this problem should receive sympathetic consideration. 


ADVANCE SUMMARY 


This preliminary summary of evidence and deductions is offered in order 
that the subsequent discussion may be followed more readily. 

Slopes are best classified into two fundamental types, in accord with 
Penck geomorphic interpretation: (1) wash slopes (graded surfaces of sedi- 
ment transport), and (2) gravity or derivation slopes (surfaces which supply 
the sediment). In arid regions these two types occur in large-scale units domin- 
ating the landscape as pediments of various dimensions, and prominent 
scarps and mountainsides. Ideally, the wash-slope gradients are controlled 
only by the local requirements of sediment transportation on them. 

In humid regions vegetation impedes both erosion and rate of runoff, 
resulting in significant contrasts with arid-climate landscapes. (1) Equili- 
brium wash slopes are under the dual control of vegetation and sediment 
transport over them, and in consequence are steeper than corresponding 
vegetation-free slopes; whereas valley sides (the chief gravity slopes) are 
generally less steep. (2) The more complete drainage network creates a cor- 
respondingly greater total length of valley sides, and therefore a more varied 
and intricate areal pattern in which slope retreat may go on. (3) From the 
beginning of an erosion cycle, rills and sheet runoff slowly lower the upland 
surface and round off the upper edges of valley walls, creating the character- 
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istic convex portion of the transverse profile. (4) The strong but partial and 
inconstant control by vegetation gives rise to slopes of various intermediate 
degrees of steepness. In detail, these slopes consist of minute gravity-slope 
units alternating with correspondingly small segments of wash slopes. Local 
and temporary failure of vegetation on wash slopes permits gullying, the 
gully sides being new gravity slopes, with new and lower-gradient wash slopes 
eventually developing. 

A notable intermingling of small wash- and gravity-slope units occurs 
in the zone of rounding at the tops of the valley sides. In effect, the upper 
part of the valley side removed in the rounding is distributed as inconspicuous 
minor units through the zone of rounding, The degree of steepness of the 
rounded slope as casually observed at any one place is an expression of the 
ratio between the two types of small units. Toward the upland divides, wash- 
slope units become longer and more numerous, and the uplands themselves 
may or may not be quite devoid of small gravity-slope units. Toward the 
valley, gravity-slope units prevail increasingly, and the steepest part of the 
wall may be uninterrupted gravity slope though modified by vegetation. 
Similarly, at the foot of the steep valley side a few short wash-slope units 
appear and become increasingly numerous and continuous as the valley floor 
is approached. This lower, concave portion of the transverse profile is often 
erroneously ascribed chiefly to alluvial-fan building. While it is true that 
considerable amounts of alluvium commonly accumulate at these sites, the 
surface is nevertheless essentially a wash slope. 

All gravity (derivation) slopes of whatever unit-size tend to retreat at 
their characteristic angle of declivity as determined by local conditions. As 
these conditions change, so may the angle of declivity inasmuch as it develops 
originally under the control of existing conditions. The tendency to parallel 
retreat is believed to be everywhere present, but in humid areas it is masked 
or modified by the effects of more frequent (though less intense) runoff, by 
vegetation, and by more complete chemical weathering than is characteristic 
under arid conditions. 

The foregoing analysis leads to the conclusion that the fundamental 
differences between fluvially developed landscapes in humid and arid climates 
are chiefly those of proportion and arrangement of the basic slope elements; 
and that, with appropriate adaptation of terminology, the Davisian framework 
of topographic interpretation may be applied to any landscape thus developed. 

The following discussion makes no mention of soil creep and related 
processes, but such are assumed to go on as is generally understood. 


TWO FUNDAMENTAL PROCESSES AND THEIR DOMAINS 


It seems scarcely necessary to state that, following weathering of the 
surface rocks, landscape development by sediment removal involves two 
distinct and fundamental processes: erosion (or sediment derivation), and 
transportation. Yet inasmuch as these two processes result in the mystery of 
parallel slope retreat under some -conditions and gradual slope reduction 
under others, their natures and their particular domains must be carefully 
noted. 
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Geomorphically the most significant effect of transportation by running 
water is the development of a graded slope, whether it be a stream bed or 
a sediment-mantled rain-washed surface (Mackin, 1948; Fenneman, 1908; 
Bryan, 1922; Holmes, 1952). So long as an abundance of sediment in various 
grade sizes within the competence of the current is available, a stable trans- 
portation profile will be established leading down to a local baselevel of one 
kind or another, and changing gradually in response to changes in sediment 
supply and volume of water from upslope, or to any shifting of the con- 
trolling baselevel. 

The domain of sediment derivation lies chiefly in the area above the 
graded transportation surface. In this domain stream beds are being con- 
stantly lowered, and slopes leading to the streams are being stripped of 
whatever sedimentary particles are within the dislodging power of rills and 
sheet runoff. In both these domains various controls, notably vegetation and 
rock resistance to weathering and abrasion, introduce endless variation in 
overall slope declivities. 

These two domains have their clearest expression in arid climates where 
vegetation controls are at a minimum or lacking altogether, and are ideally 
represented by the pediment and its limiting mountainside or scarp, For 
purposes of discussion, it seems best to use tentatively the terminology offered 
by Meyerhoff (1940). The scarp face or mountainside is the gravity slope 
(Penck’s Steilwand or Béschung), which may also be considered as the 
derivation slope. The graded transportation surface is the wash slope, equiv- 
alent to Penck’s Abjlachungshang or Fusshang (Penck, 1953, p, 418-419) .* 
The Haldenhang or sub-talus rock slope apparently marks the upper limit of 
steepness of the wash slope because it evidently indicates approximately the 
angle of rest of the weathered fragments resting upon it. 

As a graded transportation surface, the wash slope has much in com- 
mon with a braided stream channel. Particles at the edge of a rill or minor 
channel are moved forward into the rill, shallowing it and allowing it to 
widen correspondingly. Efficiency of the rill channel is thereby decreased, 
and the widening causes the rill to subdivide, So long as the amount of avail- 
able sediment exceeds that which the rills can move simultaneously on any 
and all parts of the slope, no channel cutting or gullying can take place 
(Lawson, 1932). In Fenneman’s words (1908, p. 746), the potential channel- 
cutting power of the runoff “is prevented rather than withstood.” The entire 
surface may be slowly lowered or aggraded, but without losing its graded 
condition. Davis (1938) has described conditions of incipient channeling 
of a wash slope during a severe rainstorm, but the abundance of available 
sediment kept the runoff spread in a manner which well illustrates this 
principle. 

WASH SLOPES UNDER SEMI-ARID CONDITIONS 

In its simplest development the wash slope should be completely free 
from vegetational influence, and controlled only by the abundance of granu- 
lar sediment. In arid regions, sagebrush and other similar types obstruct 
runoff to some extent, but vegetational control becomes significant where the 
* Meyerhoff regarded Haldenhang as the wash-slope equivalent. 
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rainfall is sufficient to sustain a grass cover, As observed on the ground sur- 
face, the cover may appear thin and incomplete, but the roots form a 
continuous mat underneath. The stems, whether standing or fallen, impede 
and spread the flow of rills, and under these conditions the runoff is presumed 
to carry its maximum load of sediment. The result is an even-surfaced slope 
that appears essentially no different from that of typical pediments in the 
more arid regions. At their upper borders they begin against a scarp or hill- 
side from which comes the bulk of sediment transported across them, An 
essential characteristic is that of dual control—sediment transportation and 
vegetational resistance. These controls have operated jointly on these slopes 
from their beginning, and therefore the gradients represent an equilibrium 
adjustment at the limit of available transportation energy. 

The degree of control inherent in the process of sediment transportation 
is constant, but that of the grass cover is variable and dependent upon the 
completeness of that cover. If, when, and where the grass cover is broken, 
gullying can begin. Then the sides of the gully become small gravity slopes, 
and the gully widens by slope retreat as well as by stream erosion along its 
base. But the gully floor, being lower and more moist than the adjacent slopes, 
acquires a stronger vegetation growth that tends to trap much of the sediment, 
and such gullies may therefore gradually fill or heal. If they do not heal, the 
entire slope eventually becomes lowered, with consequently lessened gradient 
on which the need for vegetational control in maintaining equilibrium is 
correspondingly reduced. Slopes that illustrate these principles are numerous 
in the area of Fort Union rocks in southern Montana, in Wyoming, and in 
many other places. However, in many of these same areas most of the slopes 
are now being dissected and re-established at lower elevations apparently in 
response to the present, lowered local baselevel. 

Around the northern borders of the Laramie Range, Wyoming, are wash 
slopes that truncate both the Precambrian granite and the overlying Oligo- 
cene-Miocene strata without any topographic expression at the unconformity.* 
Their gradient is slightly higher than that of typical Arizona pediments, but 
they obviously have developed as equilibrium transportation surfaces. Frye 
and Smith (1942) have described “pediment-like” surfaces in western Kansas, 
and more recently Frye (1954) has described similar surfaces in the same 
region as pediments. All are widening by scarp (valley-side) recession and 
are in all respects typical wash slopes. Whether the term pediment should be 
reserved for those wash slopes controlled primarily by the water-spreading 
power of abundant granular sediment is not discussed here, The alternative 
term would seem to be valley-floor basements (Davis, 1930, p. 136). 

In summary thus far, wash slopes are most conspicuous in arid regions 
but are equally characteristic of semi-arid to sub-humid regions where im- 
peding vegetation absorbs some of the potential hydraulic energy. The 
remaining problem is therefore to recognize the corresponding slopes in areas 
of humid climate. First, however, some features of the gravity slope should be 
noted. 


? Blackstone, D. L., personal communication. 
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THE GRAVITY SLOPE 


Although the term gravity slope suggests a surface on which gravity is 
the chief, or sole, agent in moving loosened fragments to its base, its Penck- 
ian equivalent seems to have been applied to landscape elements, at least in 
the alleged piedmont benchlands, which are far from precipitous. Therefore 
the term seems applicable to any sediment-yielding surface whose slope is 
steeper than that of the bordering transport-equilibrium surface with which 
it merges at its lower edge, Transportation slopes in equilibrium under dual 
control (vegetation and sediment transport) remain in the category of wash 
slopes only so long as vegetation continues to be effective. Vegetation failure 
causes such surfaces to revert to the gravity-type category, though generally 
the reversion is gradual, spreading with the recession of minor scarps that 
descend to a new surface of lower gradient. A universal feature of the gravity 
slope is that the transporting energy of water flowing over it is in excess of 
that which is taken up in moving the available sediment, Any sediment left 
stranded on such a surface, following an interval of precipitation runoff, does 
not form part of a depositional equilibrium surface such as is characteristic 
of the wash slope: 

Distinction between gravity and wash slopes rests therefore on a relative 
and functional basis rather than on an absolute degree of steepness or grad- 
ient; though no wash slopes can be steeper than the sub-talus rock slope 
(Haldenhang), and only wash slopes may occur at or below the gradient 
locally controlled by abundance of available sediment, free from vegetational 


influence. Between these limits, ranging in general from approximately 6° 
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Fig. 1. Diagrammatic interpretation of range in declivities of derivation and wash slopes. 
to 30°, both gravity and wash slopes may occur (fig. 1.) In other words, 
gravity slopes are generally steeper than 6° and wash slopes are never steeper 
than about 30°. The basis for these distinctions seems clear, necessary, and 
fundamental; though the possible low angle of the gravity slope makes that 
term seem inappropriate. Derivation slope often seems preferable because it is 
free from any connotation as to steepness. Gravity slope would then be a 
special case of the broader category of derivation slopes, At any rate, after 
the higher gravity slopes have been destroyed, the gradual lowering of wash 
slopes without loss of graded status involves sediment derivation below the 
earlier limits of the gravity or derivation surface, but within the limits of 
equilibrium variation during any one episode of precipitation runoff. 
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SCARPS AS GRAVITY SLOPES 

Except in arid mountain areas where steep slopes extend upward to the 
ridge summits typical gravity slopes are of moderate height and rise to the 
resistant edge of a higher surface (wash slope). Most authorities are agreed 
that such a plains-region scarp cannot retain a sharp or abrupt crest without 
some kind of resistant capping stratum (Rich, 1938). The degree of resistance 
required is only relative (and may be inconspicuous), depending on the 
amount of sheet runoff or rill discharge passing over the brink, and on the 
rate at which the scarp face beneath it yields to weathering and erosion, The 
Big Badlands along the White River in South Dakota afford excellent illustra- 
tions. Some of the White River strata there are slightly more resistant than 
others, but the chief brink-forming element is the tough prairie sod. Naturally 
it cannot withstand the attack of streams flowing from the upland, but it 
evidently does withstand considerable rill wash. Moreover, it becomes re- 
established at successively lower elevations and caps many small tabular 
surfaces at intermediate levels along the general descent to the valley floor. 
The steepness of scarps beneath these sod brinks is a measure of their control 
relative to the rate at which the cliff faces recede beneath them. Summits 
without sod cover either are sharp ridges or are rounded, Obviously a sod 
cover is far less resistant than most caprocks that come to notice, but the 
illustrations afforded by the Badlands introduce some important clues re- 
garding scarp retreat. 


HUMID-CLIMATE DIVERSIFICATION 

The simplest gravity or derivation slope is the ideal straight or linear 
scarp, which is probably most nearly realized in arid regions. With increasing 
runoff and humidity of climate, such a scarp would become notched along its 
weaker segments, with the result that the length of scarp surface is increased. 
With more surface thus exposed, a more voluminous supply of sediment is 
weathered and removed from it; and its removal is conditioned by the in- 
creased precipitation and runoff. Some of the notches extend ever farther 
and become enlarged to the dimensions of valleys. This is especially the case 
with any streams that rise in the hinterland and flow over the scarp face. In 
effect, therefore, with increasing humidity of climate, the gravity slope is 
extended along the valley walls throughout the ramifications of the branching 
and developing drainage system and is best developed in rock at least mod- 
erately resistant to weathering. Slopes steeper than about 30° are entirely 
of the gravity type; and if all valley sides and the slopes around the valley 
heads were of this degree of steepness, the domain of gravity slopes in humid 
areas would be easier to discern. Typically, however, the tops of the valley 
walls lack a sufficiently resistant caprock, They lose their scarp-like appear- 
ance by rounding and merge imperceptibly with the lesser gradients toward 
the divide crests. The basic reason for such rounding is clear. Vegetational 
resistance to erosion may be approximately uniform over the entire upland; 
but outward from the divide summit, each unit distance adds its increment 
of runoff. Therefore the erosive effectiveness of runoff is correspondingly 
augmented, with the result that increasing steepness of valley-side slopes, out- 
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ward from the summit, is inevitable. In large part, this convex zone of pre- 
dominantly wash slope corresponds to any wash slope lying above (and 
leading down to) a gravity slope, such as the upland above the White River 
Badlands. 

Loss of scarp-like brink at the top of a young valley wall does not mean 
that the portion of the scarp or gravity slope thus affected is lost. Rather,it 
is distributed as minor scarps over the lower part of the convex area, each 
minor scarp being a small-scale gravity-slope unit. At the divide, rainwash 
creates a graded transportation slope, but within a short distance the rills 
descend individually over miniature scarps (gravity slopes) controlled by 
tufts of grass, resistant aggregates, fragments too large to move, or some 
other comparable temporary and very local baselevel. Then may follow more 
short distances of graded (wash) slopes, and so on, With increasing distance 
from the divide, the intervals of wash slope become shorter and fewer and 
the miniature gravity slopes become correspondingly more numerous until 
the steepest part of the valley side has been reached. Here erosion is at its 
maximum, and if any straight element of slope occurs anywhere, it is im- 
mediately below this line. Lawson (1932) has interpreted such straight 
segments as indicating removal of sediment as fast as it is loosened by weather- 
ing. Also Wood (1942) has called it the constant slope; but it is the most 
conspicuous and uninterrupted part of the gravity or derivation slope. 

Below the limit of uninterrupted gravity slope is the area directly under 
local baselevel control of the stream channel in the valley, The transition 
begins with the appearance of small graded rill segments, which become 
dominant as the rills reach the gentler gradient that completes the concavity 
of the lower part of the valley wall. Ideally this slope is graded to the top of 
the stream bank, but with some secondary slopes leading to the stream surface ; 
and if the stream were to follow a permanent course along the valley axis, 
this ideal might be generally attained. However, with meander shifting and 
continued valley deepening, the actual elevation of effective baselevel control 
varies from time to time and from place to place along the valley. Where the 
stream, having impinged against the valley side, shifts away from that site, 
the margin of the valley floor there must be aggraded. Immediately upslope, 
gullying has meanwhile been in progress because of the proximity of the 
main stream as it cut laterally against the base of the valley side. Then as 
the fans extend across the new valley floor, the upslope gullies may be filled 
at least in part in response to the requirements of the longer (restored) 
graded slope. The amplitude of these fluctuations is commonly beyond the 
limits of immediate adjustment by the slow process of rill- and rain-wash 
transportation. This tends to obscure thé development of the graded bedrock 
surface (valley-floor basement of Davis) rising to the base of the retreating 
valley wall. However, the broad uniformity of these slopes reveals a close 
approximation to the ideal gradient under local conditions. The amplitude 
of local baselevel fluctuation caused by meander shifting and lateral planation 
is seen in the thickness of the alluvial-fan deposits. Were it not for these 
fluctuations, no true fans would develop except in response to possible ac- 
celerated erosion on the uplands. (In this connection, see King, 1949). 
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As pointed out by Lawson (1932) and by Wood (1942), the zone of 
maximum steepness becomes narrowed from both above and below, As this 
zone is worn back, the transportation surface (wash slope) leading to the 
valley floor rises against its lower edge while downwasting of the upland 
reduces its upper limit. In approach to mature dissection, valley widening in 
this manner and the expanding drainage net carry these wash slopes close 
to the corresponding network of divides, the limit being established by the 
local conditions governing the divide profile. The central Appalachian Plateau 
is still the classic example, and typical badlands are essentially the same ex- 
cept in scale and proportions. Height of the gravity slopes at this stage 
depends on available relief (Glock, 1932) and on texture of topography. These 
gravity slopes will remain the zone of most active erosion until the convexity 
of the lowered divides merges directly with the lower wash slopes, At that 
stage the gravity slopes as such are eliminated from the landscape, leaving 
only wash slopes. This should mark the full attainment of Davisian old-age 
topographic development. Peneplanation represents only the continued re- 
duction of the wash slopes (Abflachungshange). 


SLOPE TYPES AS END MEMBERS 

Ideally the terms gravity or derivation slope and wash slope should be 
defined in terms of the processes which they connote, But in practice it 
seems feasible to apply either term to those slopes or parts of slopes where 
the particular process is dominant, with perhaps minor occurrences of the 
other type. Thus the wash slopes in semi-arid and humid regions have in- 
numerable small vegetation-controlled scarps or non-graded spots. Likewise 
gravity slope may apply to surfaces on which some graded rills occur. But 
where the proportion of such minor units approaches half-and-half, neither 
term should be used without appropriate qualification. As applied to broad 
slope areas, the terms represent end members of a gradational series, which 
thereby compels recognition of the minor component units (fig. 1). 

In summary thus far, dissection of an upland to the stage of Davisian 
maturity in a humid climate greatly extends the area of gravity slopes along 
the valley walls. In further consequence of greater humidity, the stronger 
vegetational control of erosion results in gravity slopes that are less steep, 
and in wash slopes that are steeper than their respective equivalents in semi- 
arid regions. The wash slopes are therefore more vulnerable to gullying where 
vegetation weakens or fails, causing partial and temporary reversion to gravity 
slopes. Portions of the gravity and wash slopes become broken up into small 
and inconspicuous units that are further obscured by the everchanging pattern 
of vegetation, but that are nevertheless real and that have essential character- 
istics identical with such surfaces elsewhere. Wash-slope units predominate 
along the divides and, for the most part, control the lower valley-side slopes. 
Until well past maturity in the ideal Davisian cycle, the steepest parts of the 
valley sides are gravity slopes which diminish in prominence as they retreat. 
They disappear when the divides have been lowered sufficiently to come under 
the direct baselevel control of the valley floors (fig. 2). 
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Fig. 2. Composite diagram representing valley-side profiles at successive stages in 
an ideal erosion cycle or sequence. Modified from Davis and from King. 


A. Semi-arid grassland environment such as the western High Plains of the United 
States. 


B. Humid environment of the “normal” Davisian cycle. Dashed line indicates zone 
of predominant gravity or derivation slopes, gradational to predominant wash slopes 
both above and below. 


PENCKIAN-DAVISIAN COMPLEMENTS 


The foregoing analysis shows that the fundamental landscape units de- 
veloped by running water are derivation slopes and transportation slopes, 
and that these are present under humid as well as arid climatic conditions. 
The derivation or gravity slopes, wherever they occur, tend to maintain their 
characteristic gradients as they are worn back, the gradient being governed 
by local conditions of vegetation, if present, and by bedrock response to 
weathering. 

Differences in gross aspects in the two contrasting climatic environments 
are basically those of unit size and distribution of the two fundamental land- 
scape elements, Both are the less interrupted and therefore the more 
conspicuous where vegetation is scarce or absent, the effect of vegetation and 
greater humidity being to decrease the contrast in characteristic slope angle 
of the two, and to mingle the two types in small units on the slopes of inter- 
mediate average steepness. Progressive elimination of the small gravity 
slopes, with concomitant extension and integration of the wash-slope units, 
gives the overall effect of decreasing angle of valley-side slopes as down- 
wasting of the divides goes on. 

Therefore the essence of Penckian geomorphic principles amplifies and 
clarifies an aspect of running-water erosion which Davis left obscure. A 
possible reason for the long-continued obscurity may be the captivating con- 
trast between aspects of arid- and humid-climate topography. Landscapes 
in humid climates are the more complex, and they have been treated without 
realizing that they are a composite of small, unlike elements which, in arid 
regions, occur as the gross or major units of the landscape. To perceive these 
slope elements in areas of humid climate requires close attention to details 
of the surface where erosion is in progress. The derisive caricature of a geo- 
morphologist perched on a breezy hilltop and scanning the far horizon for 
another peneplain has been well earned; and yet perhaps it was inevitable 
in the development of a field so rich and varied. 


PENEPLAIN AND PEDIPLAIN 


With the foregoing analysis as a basis for interpretation, the penultimate 
land form has fundamentally the same topographic elements under any 
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climatic conditions, the differences being mostly in the proportions and dis- 
tribution of those elements. In arid regions the wash slopes are well 
consolidated and the few remaining gravity slopes are therefore relatively 
conspicuous; whereas on a humid peneplain the wash slopes are still partially 
under vegetation control and show relatively more range in gradient, with 
possibly a few minor units of gravity slope still in evidence along the low 
divides. Each final hillside has become a unit wash slope, and the relatively 
large number of such units, because of the more complete drainage net, gives 
the landscape its characteristic undulatory aspect. 

In humid regions the controlling baselevel in virtually all cases would 
be sea level. This is likewise true of many if not most of the extensive pedi- 
ments now developing in southwestern United States which are graded to 
through-flowing, though intermittent, drainage lines, However, many of the 
African pedimented landscapes described by King (1953) apparently have 
no graded continuity to the sea, but have developed under local baselevel 
control. 

In this connection it is significant that Davis (1909, ch. 10) regarded 
the uplands of eastern Montana as a typical peneplain now well started on a 
second erosion cycle. The surface of that semi-arid region bevels the simple 
sedimentary structure, with residual “lava-capped” buttes indicating the mini- 
mum thickness of strata thus beveled. It was this area that in 1883 confirmed 
the Davisian peneplain, and the interpretation of its development first en- 
livened for his students that which hitherto had been a dull and boresome 
subject. To the present writer the butte scarps in that area are typical gravity 
slopes and the long wash slopes (the peneplain) are equally typical of graded 
transportation surfaces controlled by both vegetation and transport of sandy- 
silty sediment. Therefore it appears that Davis’ type peneplain or “ultimate 
stage in the sequence of a simple cycle of development” (1909, ch. 10) has 
at least as much in common with the Arizona pediments as with the Harris- 
burg or any other demonstrable humid-climate peneplain. In accord with 
priority usage, all these near-plains of subaerial erosion should be included 
in the broad category of peneplains, though the arid-climate forms may 
constitute a pediplain class within the larger category. 

Relatively resistant rock masses may become residual eminences on a 


low-relief landscape in any climate, whether by virtue of especially resistant 
lithology or merely a relative lack of jointing or other structural advantage. 
Due account must be taken of the fact that in many cases the degree of re- 


sistance to weathering depends as much on climate as on rock type. In so far 
as superior resistance to weathering can be demonstrated, the term monad- 
nock would seem applicable to any conspicuous residual eminence, though 
the environment may indicate advisability of reference to a bornhardt or 
other type of monadnock. Further subdivision of the bornhardt type should 
be made where possible in order to distinguish between those having monad- 
* Davis, W. M., unpublished communication to V. A. Rigdon. 
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nock qualities and those which are merely traces of drainage-divide heights 
(Penck’s Fernlinge) and without relatively superior resistance to weathering. 


CONCLUDING REMARKS 

For purposes of topographic description and interpretation of sub- 
aerially produced topography, no better framework of reference than the 
erosion cycle of Davis has yet been devised. Historically it is only natural 
that humid-climate topography should have been considered first, although 
areally it is far surpassed by the arid and semi-arid types. However, the 
shortcomings of the Davis system appear to have been in the realm of detail 
recognition and correlation rather than in fundamentally limited applicability. 
A concept so useful cannot and should not be abandoned, though it must be 
augmented and improved where possible. In particular, the many varieties of 
stream-developed topography over the Earth should be considered from the 
standpoint of their similarities and common elements, so that their distinctive 
differences shall then be seen in proper systematic relationship in a single 
comprehensive and adequate scheme. 
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THE PETROCHEMISTRY OF SOME PRECAMBRIAN 
GRANITES OF WEST AFRICA, 
AND A PETROCHEMICAL COMPARISON WITH 
THE SVECOFENNIDE GRANITES OF FINLAND 


VLADI MARMO 


ABSTRACT. The chemical analyses of 60 West African granites have been plotted; 
they fall into two distinct petrochemical groups. The granites of these groups correspond 
in their chemical composition well to the syn- and late kinematic granites of the Sveco- 
fennide orogeny of Finland, and the group that overlaps in its petrochemistry the late 
kinematic field of Finnish granites can be definitely divided into sodic and potassic 
subgroups. 

From the principle of the number of cations in the standard cell of a rock (Barth), 
the conclusion is reached that the West African granites corresponding in their petro- 
chemistry to the synkinematic granites of Finland have in general less volume than the 
granites whose chemical composition is like that of Finnish late kinematic granites. 


INTRODUCTION 


The author, as a geologist in the Sierra Leone Geological Survey De- 
partment, had an opportunity to study the Precambrian granites of the Sula 
Mountains, Kangari Hills, and adjacent areas. Before that he had worked in 
the Svecofennide areas in Finland. From the first day he spent in the field in 
Sierra Leone, he observed striking similarities between the granites of the 
Sula Mountains and the Svecofennian granites of Finland. The similarities 
appeared both in the manner of occurrence of the rocks and in their min- 
eralogical composition. 

Judged from descriptions of West African granites, there are several 
areas similar to that of the Sula Mountains, and in general, the West African 
geologists (Dixey, 1925; Junner, 1930; Dixey and Willbourn, 1951; Pollett, 
1951) considered these corresponding formations to be approximately of 
the same age as the “Birrimian” of the Gold Coast. The mentioned similarities 
in the field suggested a petrochemical study of West African “Birrimian” 
granites and a comparison between the Svecofennide (Finland) and “Birrim- 
ian” (West Africa) granites from the petrochemical point of view. 

In this connection | take pleasure in expressing my sincere thanks to Mr, 
J. D. Pollett, Director of the Geological Survey Department of Sierra Leone, 
and to Mr. N. W. Wilson, the Assistant Director of the same Department, who 
enabled me to make the present study. 


“ARCHEAN” AND “PRECAMBRIAN” 

In Scandinavian usage the term “Precambrian” often covers all rocks 
older than Cambrian. “Archean” rocks are old Precambrian. In the Gold 
Coast Junner (1940, p. 7) suggests that the term “Archean” be used in the 
sense of Indian geologists (Holland and Fermor), hence covering the rocks 
below the great unconformity which, in India, separates “the unfossiliferous, 
slightly altered Purana formations—practically free from bathylithic intru- 
sions of acidic igneous rocks—above the unconformity, from the ancient, 
foliated, and schistose igneous and sedimentary rocks below the unconform- 
ity.” He wrote (1940, p. 7-8): “ . .. the great unconformity between the 
Tarkwaian and Birrimian (in the Gold Coast) would be much more unlikely 
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to correspond with the Ep-Archaean unconformity of India than would be 
the unconformity at the end of the Tarkwaian. On either basis the Birrimians 
would be included in the Archaean.” The rocks older than Cambrian but 
younger than the mentioned unconformity he collectively termed “pre-Cam- 
brian.” Kitson (1928) drew the boundary between Archaean and Precambrian 
below the Birrimians. 


“SVECOFENNIDE” AND “BIRRIMIAN” 

These two different conceptions have been purposely brought under the 
same heading because some controversy exists in the use of “Birrimian” in 
the publications dealing with the geology of West Africa. 

Svecofennide is an ancient mountain chain in Scandinavia, occupying 
southwestern Finland and parts of southern Sweden. According to current 
opinion, the Svecofennide orogeny affected both the Svionian and the Bothnian 
formations, these being the oldest formations so far known and considered 
there. Hence the Svecofennide mountain chain is the oldest known in Fenno- 
scandia (= Scandinavia + Finland + Russian Karelia). 

The classification of the Precambrian (in the broad sense) rocks of 
West Africa is mainly based on the work of Kitson (1928) and Junner (1935) 
of the Gold Coast. Junner wrote (1940, p. 8): “The Archaean gneisses and 
schists (of Gold Coast) resemble closely the crystalline schists of Sierra 
Leone and are probably of the same age.” The schists of the Sula Mountains 
of Sierra Leone are mainly considered to be younger than the “crystalline 
schists,” and they are classified as belonging to the Birrimian formation 
(Dixey, 1925; Junner, 1930; Goloubinow, 1938; Dixey and Willbourn, 1951; 
Pollett, 1951; Bodin, 1951; etc.). This opinion, however, does not seem to be 
unanimous nowadays, since direct, dependable correlation of widely separated 
Precambrian areas is not possible in our present stage of knowledge. 

The Birrimian means, in its original sense, a formation which (Kitson, 
1928, p. 6) “comprises partially altered and normal rocks as slates, phyllites, 
flagstones, impure limestones, sandstones, grits and conglomerates, with their 
metamorphosed representatives—schists of various kinds, quartzites, horn- 
stones, hornfelses and paragneisses.” Junner (1935) divided the Birrimian 
into “Upper” and “Lower,” consisting respectively (p. 17) “of metamorphosed 
lavas, pyroclastic and hypabyssal igneous rocks with bands of phyllites, 
graywackes, slates, and schists.” 

The first known (oldest) orogeny of West Africa took place, according 
to Junner (1940, p. 7), between the Birrimian and Tarkwaian and hence 
after Birrimian; such, presumably, covering both old formations: “Archaean 
gneisses and crystalline schists” and “Birrimian formation.” Whether or not 
granites older than both these formations do occur is not without doubt. 

It seems to the present author, however, that at least some French geol- 
ogists consider as Birrimian the orogeny following both mentioned formations, 
When speaking of Birrimian granites they distinctly assume the intrusion of 
granites during the Birrimian orogeny, Bodin wrote (1951, p. 12): “La 
chaine géosynclinale birrimienne, profondément érodée et érasée, criblée 
dintrusions granitiques ...” and thus definitely considers a “geosynclinal 
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Birrimian chain.” The same opinion was also expressed by Mr. Marvier of 
French West Africa in a conversation with the present author, and also in 
his recent paper (1953). Bolgarsky (1950) considers Birrimian as a form- 
ation, using the heading “Tectonique birrimienne” (p. 19), but on the other 
hand, saying “ . . . et que la grande majorité des granites et des gneiss était 
plissée avec le Birrimien,” does not explain whether he considers the orogeny 
itself to be Birrimian or not. 


CLASSIFICATION OF THE GRANITES 


Sederholm initially divided the granites of the Svecofennide area of 
Finland into two groups: 

Group 1—gneissose granites with a composition frequently approaching 
that of granodiorites. They form massifs concordant with the schistosity of 
the schist areas. 

Group 2—more or less massive, often fine-grained granites, which tend 
to form migmatites. 

Later he made a third subdivision. Group 3 granites did not differ very 
much in their composition from the granites of his group 2, but in the field 
they appeared distinctly younger than those of group 2. 

Sederholm tried to use his granite classification to compare the Pre- 
cambrian formations of Sweden and Finland but encountered difficulties in 
doing so because similar granites on the two sides of the Bothnian Gulf did 
not always fit into the age scheme based on his granite classification, It seemed 
that similar granites may be of different ages even in such a comparatively 
small area as formed by Scandinavia and Finland. 

Eskola (1932) introduced the terms synkinematic and late kinematic to 
indicate that the granites of Sederholm’s group | have originated during the 
earlier stage of the orogenic movements, and group 2 during the later stage 
of the same orogenic epoch. Also Wahl (1936a, 1936b) supposed that to each 
orogeny may be related two granite groups: the “older” and “younger” of 
Sederholm, according to Sederholm’s earlier definition. The older are char- 
acterized by signs indicating their origin during an early stage of orogeny, 
and Wahl called them primorogenic; the younger, having in his opinion, 
originated in a later stage of orogeny, he called serorogenic. According to 
Wahl (1936b), the ratio of K,0:CaO is characteristic. For his primorogenic 
granites it is < 1, for serorogenic > 2 (> 4). Thus Wahl assumed that any 
orogeny may contain two granites, and that these granites may be respectively 
similar in different orogenies. Hence, they must be tested separately for each 
orogeny. 

In modern literature several authors have expressed the opinion that the 
synkinematic granites have originated by metasomatic processes and syn- 
kinematic granitization (see, for instance, Backlund, 1936, 1946; Perrin and 
Roubault, 1949; Reynolds, 1947). Read deals with the same question in 
several papers (1948, 1952) and, in setting up his “plutonic series,” he dis- 
tinctly pointed out the close relationship between older granites, metamor- 
phism, and granitization, 
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TABLE 1 


Analyses of West African Granitic Rocks 


Description 


Locality Authority 


Biotite-muscovite 
granite. J 15 500 
Biotite granite. J 933 


Porphyritic biotite 
granite. J 3238 
Pinkish quartz-rich 
biotite granite. J 3197 
Similar to J 3197, 
dike in it. J 3198 


Similar to J 3197, 
dike in it. J 3199 
Porphyritic biotite 
granite. H 3608 

Soda granite. J 15638 


Sodic hornblende- 
biotite granite. J 2360 
Saussuritic soda-rich 
granite, J 1468 


Sodic granite 
porphyry. J 96 
Gneissic granodiorite. 
J 1553 

Porphyritic biotite 
granite. J 1519 
Biotite granite. 

J 1503 


Biotite-hornblende 
granite. 3113 
Biotite-hornblende 
granite. 4785 
Porphyritic 
granodiorite. 1696 
Porphyritic biotite 
granite, 4679 
Porphyritic biotite- 


hornblende granodiorite. 


5097 


Granitized amphibolite. 
4583 
Biotite-hornblende 
granodiorite. 1874 
Granodiorite. 1985 


Quartz diorite. 1600 


Granodiorite. 634 


Granodiorite. 1192 


Granodiorite. 4703 
Microgranodiorite. 3903 
Akeritic granite. 4792 
Akeritic granite. 2340 


Junner 


and James (1947) 


Kumasi Dist., 

Gold Coast 
Winneba, 

Gold Coast 
Busarowa, Terr., 
Gold Coast 
Winneba, 

Gold Coast 
Winneba, 

Gold Coast 


Winneba, 

Gold Coast 
Ashanti, Axim 
Dist., Gold Coast 
Obuasi, 

Gold Coast 

Axim Dist., 
Gold Coast 
Dixcove, Axim 
Dist., Gold Coast 


Goaso, Ashanti, 
Gold Coast 
Obuasi, 

Gold Coast 
Masapo-Bombirri, 
Gold Coast 
Akrokeri mine, 
Gold Coast 
Akrokeri mine, 
Gold Coast 


Bodin ( 1951, p. 33) 
Senegal (1951, p. 33) 
Mankono, 


French Guinea 
Haute Volta 


(1951, p. 34) 
(1951, p. 35) 


Segnéla, 
Iv ory Coast 


(1951, p. 36) 


Marehorie (1951, p. 40) 
Golé, 

Ivory Coast 
Koumbia, 
Haute Volta 
Lome, Moyenne, 
Ivory Coast 
Basse, 

Ivory Coast 


(1951, p. 52) 
(1951, p. 54) 
(1951, p. 


(1951, p. 55 


Basse, 

Ivory Coast 
Haute Gambia 
Haute Gambia 
Haute Volta 
Haute Volta 


Miss R. C. Graves 
H. L. Riley 

W. H. Bennett 

H. F. Harwood 


B. Martinet 
J. Patureau 


” 


B. Martinet 


W. H. Bennett 


P. Rose 

J. Patureau 
B. Martinet 
J. Patureau 
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Analyst 
H. L. Riley 
4 
| 
9 
12 “ W. H. Bennett 
13 
14 ” ” | 
15 ” ” 
17 
20 
24 ” 
25 
27 (1951, p. 57) 
28 (1951, p. 59) 
29 ” (1951, p. 62) 
30 ” (1951, p. 63) 
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TaBLe 1 
Analyses of West African Granitic Rocks 


FeO MgO CaO K:0 


0.13 1.01 0: 4.52 0.27 
0.81 2.62 0. 3. 0.16 
0.80 


3°) 
4 72.59 012 15.18 0.71 0.14 100.20* 
68.46 0.48 15.39 0.98 0.19 100.21* 
73.53 0.09 1495 0.86 0.16 0,06 0.39 0.97 3.78 452 0.05 048 0.17 100.12* 
74.16 0.05 1449 0.59 0.33 0.02 033 1.09 358 432 0.03 058 0.17 99.88* 
68.57 0.34 16.01 106 148 0.03 077 247 5.14 2.96 0.12 0.68 0.12 99,93* 
72.34 0.08 1452 0.13 0.75 0.06 047 1.72 613 185 0.27 0.66 0.10 99.88* 
70.58 0.23 14.78 1.08 1.17 0.07 123 2.05 466 242 0.05 113 0.29 99,89* 
64.44 0.32 17.82 194 133 007 114 5.12 5.06 129 0.16 1.70 0.08 100.58* 
63.06 0.30 15.51 0.02 3.00 0.06 2.13 425 414 0.94 0.19 1.12 0.10 100.07* 
62.00 0.60 13.94 1.25 438 0.10 4.72 5.18 3.54 2.19 0.24 1.64 0.20 100.24* 
. , 65.14 0.55 1649 042 2.94 0.05 256 3.63 3.11 2.25 0.26 1.36 0.23 99.83* 
64.29 0.55 15.36 0.83 2.94 0.06 231 3.70 433 3.119 0.25 1.32 0.09  99,92* 
62.90 080 15.38 1.50 4.00 3.10 450 485 1.80 0.22 0.70 0.10 100.10 
72.02 0.20 15.57 192 100 0.07 061 194 283 240 0.09 0.08 0.02 99.93 
72.10 0.35 13.05 160 117 O01 235 245 265 385 0.07 0.50 0.10 100.25 
69.65 0.30 15.70 0.65 1.30 145 180 3.55 5.35 0.12 0.44 0.12 100.43 
70.70 0.32 1405 1.95 1.25 0.02 145 2.90 355 2.65 0.09 0.38 0.23 99.54 
68.07 0.75 15.05 143 2.76 0.08 194 412 295 240 0.15 0.13 0.40 100.25 
| . 57.60 0.47 17.70 3.30 4.25 0.10 3.15 695 2.90 1.60 0.06 1.75 0.20 100.13 
65.45 0.30 15.60 184 244 0.07 247 4.10 450 212 0.10 0.70 002 99.71 
63.10 0.33 1645 1.56 2.48 2.10 5.30 420 260 0.18 120 0.17 99.77 
67.19 0.30 1619 182 158 0.14 157 357 360 240 0.12 0.23 0.25 99.66* 
68.90 0.25 1435 1.30 1.80 0.75 2.80 600 1.20 0.16 0.05 0.35 99,66 
76.20 0.35 11.65 190 0.78 0.04 0.28 2.05 3.60 2.75 0.04 0.55 0.25 100.44 
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1 (Continued) 


Description 


Locality 


Authority 


Analyst 


Biotite-amphibole 
granite. 1748 
Biotite-chlorite granite. 


Biotite granite. 3119 


Biotite granite. 1031 


Muscovite-biotite 
granite. 4737 


Muscovite-biotite 
granite, 4756 
Muscovite-biotite 
granite. 4739 
Akeritic granite. 4683 


Sodic granite. 3265 
Monzonitic granite. 


Monzonitic granite. 
536 

Monzonitic granite. 
Monzonitic granite, 
4748 

Charnockite. 


Porphyritic 
granodiorite 


Biotite granite 


Biotite granite 
Biotite gneiss 


Granodiorite 


Granodiorite 


Biotite granodiorite 
gneiss 

Mylonitic biotite 
gneiss 

Leucocratic banded 
gneiss. K 150 
Granite gneiss. A 28 


Coarse porphyritic 
granite. K 115 


Aplogranite. K 50 


Granite 


Leucocratic biotite 
granite. 1638-3233 
Biotite-amphibole 
granite. 199-4344 
Leucocratic granite. 
1622-3233 


Ivory Coast 


Mont Oursa, 
French Guinea 
Famorea sur la 
Niger, French 
Guinea 
Segnéla, 

Ivory Coast 


Bouakée, AOF 


Saraya, 


Senegal 


Bouake 


Ouéré, 

Haute Volta 
Kekoro 

long. 6°46'W ; 
lat. 11°50’N 


Basse, 

Ivory Coast 
Ivory Coast 
Haute Volta 


Gbon, Djola, 
Ivory Coast 
Yomen, 
Ivory Coast 


Baradou, 

Ivory Coast 

Poste de Makenta 
2 km east of 
Sierra Leone 
frontier 

19 km southwest 
of Makenta 
Yarakoldoro, 
Ivory Coast 


G Békeé, 
Ivory Coast 
Mabossou, 
Ivory Coast 
Osi area, 
Nigeria 
Osi area, 
Nigeria 
Osi area, 
Nigeria 


Osi area, 
Nigeria 
Makong, 


Sierra Leone 


Irigle, 

Ivory Coast 
Gouékan, 

Ivory Coast 
Namarakouma, 
Ivory Coast 


(1951, p. 33) 
(1951, p. 31) 


(1951, p. 


(1951, p. 


(1951, p. 


(1951, 
(1951, 
(1951, 
(1951, 
(1951, p. 


(1951, p. 
(1951, p. 67) 


Obermuller (1941, 


(1941, 


(1941, 
(1941, 
(1941, 
(1941, 


(1941, 
(1941, 
King and Swardt 
(1949, 
(1949, 


(1949, 


(1949, 


Rep. of Min. Geol. 


p. 


p. 
p- 


p.2 


p. 


p. 20) 


Surv. 


Deptm, Sierra Leone 


(1930-1931, p. 10) 
Bolgarsky (1950, p 


. 43) 


(1950, p. 44) 


(1950, p. 45) 


B. Martinet 


J. Patureau 


P. Rose 


B. Martinet 


J. Patureau 


J. Patureau 


” 


B. Martinet 


J. Patureau 
” 


B. Martinet 


P. Rose 


” 


W. H. Bennett 


L. C, Chadwick 


P. Rose 
B. Martinet 


P. Rose 


* See supplementary table 1-A below for minor elements. 
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TABLE 1 (Continued) 


SiO. TiO, Fe: MnO MgO CaO P.O; 


66.35 0.60 15.00 0. 2.70 2.10 3.50 4. 2: 0.26 0.75 
0.30 15.58 1, 132 3.85 2. a 0.10 0.10 
14.10 051 . 0.01 0.40 


19.30 


14.85 


14.16 
15.10 


15.50 


397 
Total 
0.35 99.56* 
0.70 99.65 
0.10 99.65 
73.90 0.30 12.90 1.40 0.80 0.45 1.05 2.60 620 0.10 0.28 0.13 100.11 
73.02 0.25 14.13 1.04 1.00 0.03 105 162 2.65 480 0.13 0.12 0.30 100.17 
"70.40 0.10 1435 200 062 065 1.90 3.78 493 0.13 1.23 035 10044 
73.25 0.20 15.25 0.77 0.57 0.03 0.19 1.21 2.46 5.50 0.02 0.12 0.30 99.87 
70.25 0.35 14.50 1.09 0.99 0.06 1.04 3.00 5.70 285 0.15 0.60 0.20 100.78 
73.65 0.10 14.10 0.80 1.25 0.20 1.05 660 1.70 0.20 045 0.10 100.20 
70.10 0.45 15.00 1.55 1.50 0.30 1.10 455 460 0.15 0.60 0.25 100.15 
67.76 0.68 15.34 152 2.10 0.08 140 3.08 3.58 3.68 0.19 031 0.19 99.91 
76.20 0.15 12.10 0.65 1.65 0.17 0.94 3.22 4.35 0.30 0.23 99.96 
; 71.80 0.16 14.90 1.10 1.08 nd. 039 2.20 417 411 0.60 100.51 
, 73.48 0.28 13.87 1.12 0.80 0.22 2.26 5.43 2.20 0,12 0.15 99.93 
70.93 0.30 15.91 1.42 0.71 0.78 3.32 4.37 1.83 0.18 0.22 0.05 100.02 
71.40 0.32 15.35 1.42 0.82 0.30 1.78 5.70 1.80 0.15 0.60 99.64 
71.03 0.20 16.26 1.05 0.70 0.47 2.30 4.87 1.82 0.50 99.20 
"70.30 0.22 1640 1.10 072 0.72 280 553 201 0.05 032 0.05 100.22 
65.55 0.12 860.42 2.93 140 4.05 3.82 1.66 0.14 0.74 0.16 100.29 
74.55 0.18 260.22 «20.70 «+005 288 140 3.62 0.52 0.17 99.82 
70.70 0.48 13.79 0.83 1.77 0.03 O87 1.83 2.83 5.74 0.13 0.65 0.04 100,09* 
64.30 0.95 14.99 1.50 3.90 0.13 1.06 2.83 3.17 553 0.29 0.89 0.12 100.19* 
69.49 0.41 14.65 0.82 182 0.03 0.65 1.72 2.95 654 0.13 0.60 0.09 100,21* 
"72.25 0.23 14.02 059 1.25 0.04 054 1.40 3.00 586 0.05 0.46 0.09  99,98* 
} . 74.88 0.045 14.98 0.26 040 0.22 0.04 0.90 4.88 2.98 0.06 0.46 0.05 100.165* 
72.47 0.19 | 0.94 0.90 178 0.25 7.08 1.28 tr. 0.52 99.60 
71.05 0.90 1.19 1.44 2.82 0.60 485 1.90 ~ 0.60 100.45 
73.00 | 0.18 112 4.83 5.02 0.28 99.55 
| 


V. Marmo—Petrochemistry of West African Precambrian 


TABLE 1-A 


Minor Elements in West African Granitic Rocks 


Description 


Locality Authority Analyst 


Biotite-muscovite 
granite. J 15 500 
Biotite granite. J 933 


Porphyritic biotite 
granite. J 3238 
Pinkish quartz-rich 
biotite granite. J 3197 
Similar to J 3197, 
dike in it. J 3198 


Similar to J 3197, 
dike in it. J 3199 
Porphyritic biotite 
granite. H 3608 

Soda granite. J 15638 


Sodic horneblende- 
biotite granite. J 2360 
Saussuritic soda-rich 
granite. J 1468 


Sodic granite 
porphyry. J 96 
Gneissic granodiorite. 
J 1553 

Porphyritic biotite 
granite. J 1519 
Biotite granite. 

J 1503 


Biotite-hornblende 
granite. 3113 
Biotite-hornblende 
granite. 4785 
Porphyritic 
granodiorite. 1696 
Porphyritic biotite 
granite. 4679 
Porphyritic biotite- 


hornblende granodiorite. 


4583 
Biotite-hornblende 
granodiorite. 1874 
Granodiorite. 1985 
Quartz diorite. 1600 


Granodiorite. 634 


Granodiorite. 1192 
Granodiorite. 4703 
Microgranodiorite. 3903 
Akeritic granite. 4792 


Akeritic granite. 2340 


Kumasi Dist., Junner H. L. Riley 
Gold Coast and James (1947) 

Winneba, 

Gold Coast 

Busarowa, N. Terr., 

Gold Coast 

Winneba, 

Gold Coast 

Winneba, 

Gold Coast 


Winneba, 

Gold Coast 

Ashanti, Axim Miss R. C. Graves 
Dist., Gold Coast 

Obuasi, a H. L. Riley 

Gold Coast 

Axim Dist., : W. H. Bennett 
Gold Coast 

Dixcove, Axim H. F. Harwood 
Dist., Gold Coast 


Goaso, Ashanti, 

Gold Coast 

Obuasi. * W. H. Bennett 
Gold Coast 

Masapo-Bombirri, 

Gold Coast 

Akrokeri mine, 

Gold Coast 

Akrokeri mine, 

Gold Coast 


Bodin (1951, p. é 
Senegal (1951, p. 3: B. Martinet 
Mankono, J. Patureau 
French Guinea 


Haute Volta (1951, p. 


Segnéla, (SL B. Martinet 
Ivory Coast 


Marehorie * (1951, p. J. Patureau 


Gole, (1951, p. 5: 
Ivory Coast 

Koumbia, 

Haute Volta 

Lome, Moyenne, ” (1951, p. § 

Ivory Coast 

Basse, ” (1951, p. 55 

Ivory Coast 


(1951, p. 5: W. H. Bennett 
Ivory Coast 
Haute Gambia (1951, P. Rose 
Haute Gambia " (1951, p.5 J. Patureau 


Haute Volta ” (1951, p. 62 B. Martinet 


Haute Volta " (1951, p. 6: J. Patureau 
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TABLE 1-A 
Minor Elements in West African Granitic Rocks 
Rare Less O 
ZrO. CrO; LiO2 Earth’ V-.O; CO: F S forS,F 
0.05 0.02 


0.03 0.01 
0.01 


399 
BaO SrO 
0.12 0.01 tr. tr. 
0.12 0.04 tr. tr. 
0.10 0.01 
0.13 0.01 
0.16 n. d. 0.03 0.01 
: tr. tr. 0.77 tr. 0.04 0.01 
0.11 0.02 tr. 0.04 0,02 
0.08 0.01 tr. tr. none ‘0.01 002 0.01 
5.06 0.19 
0.01 0.02 0.01 0.20 0.03 0.01 
, 0.10 0.01 0.01 0.71 0.02 
0.13 0.01 0.01 0.30 0.25 
0.25 
0.70 
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Taste 1-A (Continued) 


Description 


Locality 


Authority 


Analyst 


Biotite-amphibole 
granite. 1748 


Biotite-chlorite granite. 


Biotite granite. 3119 


Biotite granite. 1031 


Muscovite-biotite 
granite. 4737 


Muscovite-biotite 
granite, 4756 
Muscovite-biotite 
granite. 4739 


Akeritic granite, 4683 


Sodic granite. 3265 


Monzonitic granite. 


Monzonitic granite. 
536 


Monzonitic granite. K 


Monzonitic granite. 
4748 
Charnockite. 


Porphyritic 
granodiorite 


Biotite granite 
Biotite granite 


Biotite gneiss 


Granodiorite 


Granodiorite 


gneiss 

Mylonitic biotite 
gneiss 

Leucocratic banded 


Ivory Coast 


Mont Oursa, 
French Guinea 
Famorea sur la 
Niger, 

French Guinea 
Segnéla, 

Ivory Coast 
Bouaké, AOF 


Saraya, Senegal 
Bouakaé 


Ouéré, 
Haute Volta 
Kekoro 


long. 6°46'W 
lat. 11°50’N 


Ivory Coast 
Ivory Coast 


Haute Volta 


Gbon, Djola, 
Ivory Coast 
Yomen, 
Ivory Coast 


Baradou, 
Ivory Coast 
Poste de Makenta 


2 km east of 
Sierra Leone 
frontier 

19 km southwest 
of Makenta 
Yarakoldoro, 
Ivory Coast 


Ivory Coast 
Mabossou, 
Ivory Coast 
Osi area, 


(1951, p. 33) 
(1951, p. 31) 
(1951, p. 31) 


(1951, p. 


(1951, p. 
(1951, p. 
(1951, p. 


(1951, p. 
(1951, p. 
(1951, p. 


Obermuller (1941, p. 39) 


(1941, p. 
(1941, p. 


(1941, p. 
(1941, p. 


(1941, p. 


King and Swardt 


B. Martinet 
J. Patureau 


P. Rose 


. Martinet 


. Patureau 


. Patureau 


” 


. Martinet 


. Patureau 


. Martinet 


H. Bennett 


gneiss. K 150 


Granite gneiss. A 28 


Nigeria 
Osi area, 
Nigeria 
Osi area, 
Nigeria 


(1949, p. 
(1949, p. 2 
Coarse porphyritic (1949, p. 
granite. K 115 
Osi area, . C, Chadwick 
Nigeria 

Makong, 


Aplogranite. K 50 (1949, p. : 


Granite Sierra Leone Dept. 


Leucocratic biotite 
granite, 1638-3233 
Biotite-amphibole 
granite. 199-4344 


Leucocratic granite. 


1622-3233 


Sierra Leone 


Irigle, 

Ivory Coast 
Gouékan, 
Ivory Coast 
Namarakouma, 
Ivory Coast 


Min. Geol. Survey 


Rept. (1930-1931, p. 10) 
Bolgarsky (1950, p. 43) 


(1950, p. 44) 
(1950, p. 45) 


. Rose 
. Martinet 


. Rose 
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1-A (Continued) 


Rare Less O 
SrO ZrO: Cr:O; LiO2 Earth  V-.O; CO. forS,F 
0.70 


NiO:tr, 


0.15 0.007 0.04 n.d. 0.03 0.05 0.07 0.08 0.03 0.05 
. 0.14 0.009 0.09 n.d, 0.02 0.04 0.17 0.10 0.03 0.06 
0.11 0.006 0.04 n.d. 0.02 0.04 0.06 0.03 0.03 0.04 
er. 0.01 
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In the opinion of the present author, among the synkinematic granites 
(to a minor extent, however) there also are elements of igneous origin, the 
results of intrusion of palingenetic melt. 

Read and many others consider the existence of younger granites to be 
probably of intrusive character, this conclusion being rejected by the modern 
French school (Perrin and Roubalt, 1950), but an idea which is fully com- 
patible with the findings of the present author obtained from the granites of 
the Sula Mountains (Marmo, 1954). 


PETROCHEMISTRY OF THE GRANITES OF WEST AFRICA 

As Simonen has shown (1948), there occur distinct differences in the 
chemical composition of syn- and late kinematic granites of the Svecofennide 
orogeny of Finland. Whether the syn- and late kinematic granites of different 
orogenies are respectively similar or not has not yet been ascertained; it is 
likely, however, that different orogenies may have different granites, the syn- 
and late kinematic groups still being, in each case, distinguishable from each 
other. 

The present author considered that comparison of the petrochemistries 
of the older West African and Svecofennide, widely separated, granites would 
be profitable for the granite problem in West Africa. 

For this petrochemical study of West African granites the analyses were 
plotted from the publications of several authors (Bodin, 1951; Bolgarsky, 
1950. Hirst, 1942: Junner and James, 1947; Obermuller, 1941) who have 
described the West African granites; they considered them to be Birrimian. 
In addition, some analyses of the granites of Nigeria, Osi area (King and de 
Swardt, 1949) and one of Sierra Leone have been taken into consideration. 

Bodin (1951) has investigated the French West African granites from 
the chemical point of view, but in his excellent paper he discusses them from 
the point of view of magma differentiation, and he studies the granites from 
each batholith separately. Bodin does distinguish two granites as well, a 
classification which is also used by Marvier (1953). They distinguish be- 
tween the granites of concordant and discordant batholiths. The former tend 
to be rich in potassium; the latter are predominantly sodic, generally ap- 
proaching granodiorites in composition, according to Bodin. He considers 
the concordant batholiths to be syntectonic, the discordant ones post-tectonic, 
and remarks that the former granites are similar to the synkinematic granites 
(1951, p. 89). From the descriptions of the granites, however, it seems to 
be evident that their classification is not based on the same criteria as that 
used in distinguishing syn- and late kinematic granites; and from the evidence 
from Sierra Leone, it can definitely be said that in the same batholith both 
syn- and late kinematic granites may occur, the latter forming veins cutting 
the former, or forming domelike intrusions with synkinematic shells (Marmo, 
1954). 

In the present study the petrochemistry of the Birrimian granites is tested 
in order to find separate petrochemical groups that correspond to the syn- 
and late kinematic granites of the Svecofennide orogeny of Finland (Simonen, 


| 
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1948). In each group considerable variation in the chemical composition 


should still be allowed. 


DESCRIPTION OF GRAPHS 
The elements of chemical composition of the granites chosen for dis- 
cussion.—In table 1 all analyses obtained from the above-mentioned publica- 
tions are given. Table 2 contains the Niggli values (al, fm, c, and alk) of 
the same analyses, and table 3 gives the values of NasOK.O mol alk 
CaO mol 
relative molecular ratio K.O0:Na.O, and relative molecular values for 


Na.O) and SiO,. 


alk 
The ratio is characteristic for granites and shows the relative 


abundance of the lime minerals (especially anorthite) and alkali minerals 
(especially alkali feldspars) in the granites, The relative molecular ratio of 


Na.O is considered to be necessary, because the author observed that, at 
ae 


least within the late kinematic granites of the Sula Mountains, Sierra Leone, 
both sodic and potassic varieties occur. In figure 1 a variation diagram is 
shown, where abscissa = weight percentage of SiO.; ordinate = weight 
percentage of CaO and of (Na,O + K,O). The dotted curves include the 
area of distribution of alkali values, the stippled curves that of CaO. The 
full lines intersect at SiO, = 62.5. If in the diagram the granites belong to 
different “variation series,” all particular series are characterized by an inter- 
section point of calc and alkali lines within the area ABCD, that is, corre- 
sponding to SiO.-values between 61 and 65.5. These values are Peacock’s 
(see Barth, 1952, p. 172) “alkali-lime indexes.” Hence the granites considered 


CaO % 
© k20+Ne20 % 


~ 


q 


4 


Fig. 1. Variation diagram of the West African Birrimian granites. Area ABCD 
includes the most of intersection points of lime and alkali curves of granites. The abscissae 
indicate also the lime-alkali indexes of Peacock. 


3 
x % x 
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in the present study belong to series with alkali-lime index not less than 61 
and not more than 65.5. That is, at least most of the granites here belong to 
the calcic suite. As will be shown on pages 410-411, certain West African Pre- 
cambrian granites do not belong to this suite. 


Na,O K,O 
The relationship of 5 to the relative molecular value of SiOs. 


Na,O K,O 


—lIn figure 2 the relationship between —a and SiO, (rel. mol.) is 


NaO KO 


graphically illustrated. The granites having a high value of —Ga0 a 


rich in quartz as well, and all granites having this ratio greater than 3.5 do 
not contain SiO, (rel. mol.) less than 116. To this category belong the 
granites 1, 4, 5, 6, 8, 33, 34, 37, 39, 40, 43, 45, 56, 57, 59 and 60. The 20 


430+ 
C0 


‘ 
120 125 mol 


100 
Fig. 2. Variation diagram of the ratio alkali:lime against the silica. I, I], Ila, and 
Ib are provisionally formed groups. 


and 48 are just on the limit. This group may be provisionally called group 1. 

Granites having an alkali-lime ratio less than 3.5 may be rich in quartz 
(30, 41, 52), or poor in quartz (12, 13, 17, 21, 27), the SiO, (rel. mol.) 
having all values between 102 and 127. Granites of this category will provi- 
sionally form group 2, the subgroups 2a and 2b corresponding to low and 
high SiO, content respectively. 

Such grouping is quite empirical, and is made only to obtain a basis 
for further discussion. 

Comparison of al with si—Figure 3 shows the relationships of the Niggli 
values al and si. The granites cover an elongated area in diagonal position 
to the axes of the graph, and both values increase together. Simonen’s graph 
(1948, p. 10) for Svecofennide granites is very similar to that of figure 3. 
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Magnusson has studied petrochemically the so-called “urgranites” of Sweden, 
and the area occupied by Swedish granites (according to Magnusson) is 
shown from Simonen, 1948, as well. From the graph it can be seen that, in 
general, the West African granites are richer in al than the “urgranites” of 
Central Sweden, but their composition is in better agreement with the Finnish 
Svecofennide granites, 


30 


000 100 


Fig. 3. Relations of al and si in the West African Birrimian granites. The full line 
shows the West African granites, which approach in chemical composition the Svecofen- 
nide late kinematic granites. The stippled line indicates the late kinematic field of the 
Svecofennide granites, according to Simonen (1948). The thinly stippled line shows the 
field of Swedish “urganites,” after Magnusson (taken from Simonen, 1948). 


After comparing the distribution of West African granites on the graphs 
of figures 2 and 3, one can see that the provisionally formed group 1 of figure 
2 roughly occupies in the graph of figure 3 the corner rich in both al and si. 
In the same figure is also shown the area of Svecofennian late kinematic 
granites (according to Simonen), and within this area come the following 
West African granites: 1, 4, 5, 6, 8, 18, 33, 35, 37, 39, 46, 48, 52, 56, 60. 
They all belong to group 1 of figure 2, except 35 and 46, which are in figure 
2 close to the area of group 1, and 52, which lies there in the area “2b” and 
18 in the middle of “2.” 

The granites of the provisional group 1, 18, 34, 40, 43 and 45 lie just 
outside the line of the late kinematic area of Simonen; 57 takes position of 
a rock exceptionally rich in Al and SiO., and 59 takes place within the syn- 
kinematic area of Simonen. 

Group 2a (fig. 2), extremely poor in quartz, has disappeared in figure 
3; 13 and 17 show, however, exceptionally low al and si. The second excep- 
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TABLE 2 
Niggli Values of West African Granites (numeration that of table 1) 

No. al fm c alk si || No. al fm c alk 
8.5 7.0 36. ‘ 31 36.5 25.0 
19.0 14.5 25.: 29% 32 40.5 22.0 
17.0 14.5 28. ; 33 45.0 14.0 
8.5 6.0 36. 34 43.0 14.0 
7.0 i 36. 35 35 44.0 16.5 
36 41.0 15.0 
37 51.0 8.0 
38 38.0 15.0 
39 44.0 10.5 
43.5 14.5 
45.0 14.0 
39.0 21.5 
44.0 13.0 
44.0 17.0 
44.0 10.5 
21.5 a 25. 2 43.0 9.5 
31.5 . 44.5 13.5 
17.0 22.5 | 46.0 11.0 
27.0 2.! 24. 342 || 48.0 105 
17.0 . 315 : 44.5 11.5 
34.0 214 2. 200 || § 45.0 195 
22.0 4 24. 334 || 5: 51.0 9.5 
27.0 . 4 28: 5: 41.0 17.0 
33.0 23. 2. : 36.0 24.0 
26.0 a. 22. : : 42.0 15.0 
23.5 24. 251 || 4.0 120 
ye | 35. 23.0 20.! 21.5 23 : 51.5 4.5 
28 21.5 21:! 286 || 41.0 200 
29 «370 180 310 334]/! 40.0 30.0 
30 f 15.0 3. 31. 48.5 0.5 


WN = 


tional group of graph 2, group 2b, is in figure 3, close to (41) or within 
(52) the late kinematic area of Simonen. 

The ratio Kz0:NazO.—As mentioned on page 403, among the late kine- 
matic granites of the Sula Mountains both sodic and potassic varieties occur 
(Mr. Marvier, in conversation with the author, reported that the probably 
late kinematic Precambrian granites of French West Africa are in general 
sodic). The synkinematic granites mostly approach the granodiorites in com- 
position, and have the Na.O:K.O>1. Hence, if a graph showing the variations 
in the mentioned ratio were constructed, and if the observations from the 
Sula Mountains could be generalized, the granites of the late kinematic area 
in figure 3 should be split into two groups—sodic and potassic—on the new 
graph. For other granites such splitting is not to be expected. Figure 4 shows 
this graph, and the diagonals show the amounts of combined alkalis 
(Na.O + K.O). 

There are three distinct fields of distribution of granites, The granites 
having (Na,O + K,O) < 9 occupy the field situated entirely below the radius 
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TABLE 3 
Some Molecular Ratios of West African Granites (numeration that of table 1) 
No. SiOz K:O K:O+NasO K:O+NasONo. SiO. K:O+NasO 


CaO Na2O CaO 

121.0 0.77 11.0 5.24 31 1106 0.3 9.2 1.46 
1115 9.7 1.8 113.8 0.94 7.4 1.07 
114.1 0.47 10.4 > A 120.9 1,12 9.9 4.12 
122.5 0.77 10.9 \ 123.1 1.57 10.8 5.68 
123.6 0.79 10.4 5. : 121.7 1.18 9.4 3.18 
121.1 0.58 11.4 117.3 0.86 11.33 3.33 
114.3 0.38 11.3 221 9.85 4.7 
120.5 0.20 11.9 38 «117.1 (0.33 12.25 

117.6 0.34 10.0 122.7. 0.17 12.4 

107.4 0.19 9.5 j 116.8 0.67 12.25 

107.9 0.36 10.25 Oe 126.3 0.7 8.5 

105.1 0.15 7.7 d 2 112.9 0.66 9.68 

103.3 0.41 8.0 3 127.0 0.9 9.85 
108.5 0.48 7.4 ‘ 119.6 0.66 11.08 
107.1 0.48 10.4 d 118.5 0.29 11.66 
113.2 0.63 9.48 . 122.4 0.26 11.03 
104.8 0.25 9.7 118.2 0.28 8.63 
120.0 0.58 7.1 119.0 0.21 11.1 
120.1 0.94 8.35 ; 118.4 0.24 9.82 
116.0 0.99 11.35 3. 117.1 = 0.23 11.04 
102.3 0.5 6.14 ; 1 109.2 0.28 7.88 
117.8 860.5 8.55 2 6.12 
113.4 0.56 117.8 = 1.355 10.6 

96.0 0.38 6.2 4 107.1 1.16 11.0 
109.1 0.29 9.42 115.3 1.44 11.7 
108.0 0.36 10.34 ‘ 120.4 1.24 11.2 
105.1 0.41 9.6 t 124.8 0.5 9.3 
112.0 0.45 8.4 120.8 0.12 12.75 
1148 0.13 11.0 118.4 0.25 9.8 6.53 
127.0 0.5 8.75 ‘ 121.9 0.68 13.1 4.7 
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indicating (K,0:Na,0) =1. The granites richer in alkalis (K.0+Na,0>9), 
excepting those closely related to the first-mentioned group, are distinctly 
split into two subgroups, one of these being between the radii K,0:Na,0 = 
0.5 and K,0:Na,0 = 2; and the other being beneath K,0:Na,0 = 0.33. 
The potassic subgroup includes the granites 1, 4, 5, 6, 33, 34, 35, 36, 37, 40, 
43, 44, 53, 54, 55, 56, and 60; all these granites are within the late kinematic 
area of figure 3 excepting 34, 36, 43, 53, 54 and 55 which are not far from 
this field (excluding 54). 

The sodic subgroup of figure 4 consists of granites 8, 29, 38, 39, 45, 
46, 48, 50 and 58. Five of these granites belong to the late kinematic area 
(fig. 3); 29, 38, 50 and 58 are in both figures 2 and 3 far from the late 
kinematic fields. 

Consequently, the graph of figure 4 clearly indicates that West African 
granites, overlapping in their petrochemistry with the late kinematic granites 
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Fig. 4. The variations in alkalis of the West African granites. 


of the Svecofennian orogeny in Finland, correspond to two definitely different 
classes, potassic and sodic. 

As is to be expected, the West African granites overlapping with the 
synkinematic field of granites show no splitting in the graph, but their com- 
position is rather granodioritic in regard to the alkali ratio. 


Lk 
The relationship of — and {m.—In the graph of figure 5, the ratios 


alk 
— and fm are compared with each other, The granites on this graph are 


alk 
distributed so that at values ——- = 2.5 and fm = 15 there appears a strong 


bending of the field. There are practically no granites having simultaneously 
alk 


—— > 2.5 and fm > 15. The area limited by values of —— > 3.5 and fm 
Cc 


< 15 contains the following granites: 1, 4, 5, 6, 8, 33, 34, 37, 39, 40, 43, 
45, 48, 55, 56, 57, 60. All these granites occur in figure 3, either within or 
close to the field of the Finnish late kinematic granites. 


DISCUSSION OF RESULTS OBTAINED FROM THE GRAPHS 
The granites overlapping with the late kinematic field of the Svecofennide 
granites.—From all the graphs presented in figures 2 to 5 it can be seen that 
there is a definite group (roughly group 1, fig. 2) which in all graphs occupies 
its own field, and which overlaps with the field of Svecofennide late kinematic 
granites in figures 3 and 5. According to the descriptions of the authors who 
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23 


fm 
Fig. 5. The relationship of alk/c to fm. @ = late kinematic granites of Finland; 
A = postkinematic granites of Finland; X — West African granites; 
late kinematic field of the Svecofennide granites; . .. .. postkinematic field of the 
Svecofennide granites; ——————— the West African granites the composition of which 
is near that of the Finnish Svecofennide late kinematic granites. 


published the corresponding analyses, the granites of this group of the Gold 
Coast and of the Osi area in Nigeria are in good agreement with the late 
kinematic granites in general. Some examples will be given: 

Granites 1 to 8 are of the Gold Coast, and, according to Junner and 
Harwood (1928, p. 6-7), granite 1 (specimen 15500 of Junner) has intruded 
the schists of the Birrimian (?) system. The potash-feldspar is in excess of 
plagioclase, which is essentially albite, The granite contains muscovite in 
excess of biotite, and the cited description gives a picture typical for late 
kinematic granites; the authors still remark (p, 6): “the rock is free from 
pressure-effects.” 

Granite 8 is likewise, according to Junner and Harwood (1928, p. 7), 
a typical late kinematic granite intruding the argillaceous phyllites and seri- 
cite schists, its feldspar being essentially albite. Granites 5 and 6 are dikes in 
granite 4 (specimen 3197 of Junner) which, according to Junner and James 
(1947), is “pinkish quartz-rich biotite granite.” Granite 57 is definitely a 
late kinematic granite; it occurs in the Kangari Hills near Makong, Sierra 
Leone, intruding the basic to ultrabasic schists, there associated with small 
sulphide mineralization. Granite 56 is from the Osi area in Nigeria; it occurs 
as a dike “with cross-cutting relation towards the enclosing granite” (King 
and de Swardt, 1949, p. 32). 

In the case of granites of the French territories in West Africa, there 
also distinct grouping can be made, but only from the petrochemical point of 
view. In spite of the fact that there certain granites overlap with the late 
kinematic field of the Svecofennide granites in every considered respect, this 
group can hardly be petrologically explained if we use only the field descrip- 
tions given by the authors. Bodin (1951) divided the granites of French 
West Africa on the basis of their mode of occurrence. His “granites syn- 
tectoniques” belonging to the concordant batholiths are, according to him, 
similar to the synkinematic granites (see p. 402), but, in spite of this, they 
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are well represented in the late kinematic field of the graph (18, 33, 34, 37) 
as well. Correspondingly, among the granites of the “synkinematic petro- 
chemistry” there are many granites which Bodin classified as “granites post- 
tectoniques” belonging to the discordant batholiths (23, 24, 25, 26, 27, 28, 
29, 30, 38, 40, 41, 42, 43). 

It may be remarked, however, that Bodin (1951, p. 89) found both 
petrographic and chemical differences between his syntectonic (type Baoule) 
and post-tectonic (type Bandoukou) granites, the former being characterized 
by monzonitic mineral composition and potassic-sodic chemistry, the latter 
being in general granodioritic and akeritic, and in their chemistry tending to 
be sodic. In the present study, however, it is clearly shown that Bodin’s petro- 
graphic grouping hardly corresponds to any definite grouping based on the 
petrochemistry, but that also in granites of French West Africa distinct petro- 
graphic groups occur, one of these well overlapping with the petrochemistry 
of Svecofennide late kinematic, the second with synkinematic granites. It may 
also be remarked, however, that all granites that fall within the field of late 
kinematic granites of the graphs need not be late kinematic, since there are 
varieties of synkinematic granites affected by potassium metasomatism that 
have, therefore, a chemical composition typical of potassic late kinematic 
granites, Also among the synkinematic granites there often occur portions, 
real intrusions of renewed magma, which in their petrochemistry correspond 
to the late kinematic granites, and in addition, in migmatic zones the general 
picture may be that of synkinematic granites, the paleosomic material actually 
being related to the late kinematic granite intrusions. Hence it cannot be 
always determined, solely from the chemical analyses or from study under 
the microscope, whether a certain granite is late or synkinematic. An assump- 
tion can be made, but final proof, separately obtained for each case, must be 
derived from accurate field observations. 

One feature still may be mentioned: In figure 6 a variation diagram 
similar to that of figure 1 but including only the granites overlapping with 
the late kinematic field of Svecofennide granites is shown. Intersection of the 
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Fig. 6. Variation diagram showing the West African granites overlapping in their 
petrochemistry the Svecofennide late kinematic granites, 
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alkalic and calcic curves is not seen, but it seems most likely that the alkali- 
lime index can hardly be more than 57, probably somewhat less, Hence in 
this respect also, the West African granites of late kinematic field do not 
agree with the general trend of other granites shown in figure 1, It may be 
remembered also that neither will the youngest late kinematic granites of 
Precambrian orogenies elsewhere fit in the differentiation series of other 
igneous rocks. They always remain outside. 

The granites of group 2 in figure 1—These granites tend to be granodio- 
ritic (p. 406) in composition. According to descriptions by the authors who 
have published the corresponding analyses, they tend to be gneissose, Further- 
more, the group 2 granites of the Gold Coast and the Osi area of Nigeria 
are concordant with the schistosity and strike of the adjacent schists. Among 
the granites of West Africa petrochemically belonging to this group, the 
following ones, according to statements of Bodin (1951), belong to the dis- 
cordant batholiths: 22 to 30, 38, 41, and 42. Some of them are “porphyritic,” 
containing large insets of microcline, plagioclase, and/or quartz, a feature 
not uncommon in the synkinematic granites of Precambrian orogenies in 
general. Typical granites of this kind are 2 and 3, both from Gold Coast 
(Junner, 1940, p. 37). The occurrence of microcline as insets in these granites 
indicates that they are porphyroblasts rather than phenocrysts, as is also the 
case in most similar granites of Svecofennide orogeny. 

In figure 7 the al-si graph is reproduced, but only that part of it which 
does contain the granites of the synkinematic field, There is also shown the 
“differentiation curve” of Simonen (1948), drawn for Svecofennide synkine- 
matic rocks. A hypothetical differentiation curve is also drawn for the West 
African granites, which correspond in their petrochemistry to the synkinematic 
granites. The distribution of the latter granites in the direction of this curve 
only indicates the variations in amount of assimilated (or granitized) basic 
material. So are to be understood those granites (10, 13, 17, 21, 24, 51) 
whose composition differs from that of the majority of the granites of this 


100 400 Sé 
Fig. 7. The West African granites of the chemical composition of the Svecofennide 
synkinematic granites and granodiorites. I = the field of the mentioned West African 
rocks; II = the “differentiation curve” of the West African (Birrimian) granites; III = 
the corresponding curve of the Svecofennide synkinematic granites after Simonen (1948). 
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group. One of them (21) has also been described by Bodin (1951, p. 40) as 
being granitized amphibolite (24 is quartz diorite). Numbers 13 and 17 are 
hornblende-bearing granodiorites. If one compares the distribution of the 
granites of figure 7 with the curve of Simonen, the West African granites 
seem in general to be richer in alumina than the Svecofennide synkinematic 
granites. 

Granite 52 is interesting. From the graphs it can be seen that this granite 
is extremely rich in quartz (figs. 2 and 3), the ratio alk/c being remarkably 
low (fig. 2) in spite of that, and that its alkali content is low and predomi- 
nantly potassic (fig. 4). In figure 3 it falls within the late kinematic field. Ac- 
cording to Obermuller (1941, p. 67), a mylonitized biotite gneiss is in 
question. Consequently, the biotite gneiss has acquired additional potassium 


TABLE 4 
The Number of Cations in the Standard Cell of Some West African 
Precambrian Granites and the Corresponding qz Values of Niggli. Arranged 
by increasing volume (numeration that of table 1) 


Number of Number of 
No. cations in the z | No. cations in the 
standard cell standard cell 
98.2 : 7 94.7 
98.2 1} 94.5 
98.1 94.5 
97.6 | 94.4 
97.5 | 94.4 
97.0 5: 94.3 
96.9 5: 94.3 
96.8 94.2 
96.7 94.2 
96.7 94.0 
96.5 | 94.0 
96.0 93.8 
95.9 | 38 93.8 
95.8 80 93.8 
95.7 104 93.8 
95.7 85 25 93.6 
95.5 9 || 93.4 
95.5 102 93.3 
95.4 | 93.2 
95.4 i 93.2 
95.4 110 34* 93.2 
95.3 86 § 93.05 
95,2 100 | 3 93.0 
95.2 94 § 92.8 
95.1 94 : 92.7 
95.0 91 4: 92.5 
60* 95.0 120 : 91.5 
45* 94.8 122 91.4 
50 94.8 104 91.0 
28 94.7 100 90.6 


* The granite fits in the field of late kinematic granites shown in figure 3. 
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and quartz during the shearing. The comparatively high lime content (in 
comparison with alkalis, fig. 2) may be due to epidote, the presence of which 
in a mylonite is most probable. 

The numbers of cations of the standard cell of rocks —Barth (1952, p. 
82) has remarked that in most rocks oxygen makes up about 94 percent by 
volume, and silica and metals make up less than 6 percent by volume. Hence, 
if we want to compare isovolumetric rock units, we should compare units 
containing the same number of oxygens. According to Barth, the leptologic 
structure of most igneous rocks is such that for 160 oxygens there are always 
nearly 100 cations. A volume of this size is called by Barth “the standard 
cell of a rock.” If one calculates the number of cations in the standard cell, 
variations in these values will consequently show the variations in the volumes 
of the rocks. 

In table 4 is listed the number of cations of a standard cell of the West 
African granites considered in this paper. They vary between 90.6 and 98.2, 
and the interesting feature in this variation is that the granites overlapping 
with the late kinematic field in figure 3 are all characterized by a comparatively 
large volume, that is, by a small number of cations, less than 95.0. The ma- 
jority of the granites corresponding in their petrochemistry to the Svecofen- 
nide synkinematic granites have the number of cations > 95.0; 12 of them 
> 96.0, and among them there are “granitized amphibolite” of Bodin (p. 
412), most granodiorites and hornblende-granites. All muscovite-bearing 
granites have cations less than 95.0 in number. 


In figure 8 the qz-values of Niggli are plotted on a diagram (ordinate) 
against the numbers of cations (abscissae) . The volume grows nearly linearly; 
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Fig. 8. The relationship between qz-value of Niggli and the number of cations in 
the standard cell of rocks of Barth. 
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consequently, the volume increases in semilinear proportion to the increasing 
amounts of the quartz, a feature in good agreement with the findings from the 
petrographical graph (fig. 3); and alumina also increases in the same direc- 
tion. Figure 9 shows that volume increases together with al as well, but the 
linear proportion is not as clear as in the case of qz. 

The Svecofennide synkinematic granites, which include gneisses con- 
cordant to the schistosity of preserved or enclosed schists (the gneissosity 
being a characteristic feature for this kind of granite), approach in their 
composition granodiorites, and similar granites in general have been ex- 
plained by several authors to be the products of granitization, The late kine- 
matic granites, on the contrary, show clear evidence in favor of their origin 
by intrusion. 

The study of the numbers of cations of Barth’s standard cell of rocks 
(table 4) shows definitely that the granites occupying the “synkinematic field” 
on the graphs of this paper have less volume than those of the “late kinematic 
field.” That is, the granites that originated by metasomatic processes have 
less volume than the granites probably of igneous origin. 

On the accessory constituents of the granites.—Apatite and sphene are 
the standard accessories always mentioned in petrographic descriptions of 
granites. Both these minerals contain lime, but in chemical analyses they ap- 
pear in the form of TiO, and P.Os. 

In calculation of the normative minerals the apatite is regularly con- 


sidered but sphene is usually neglected, TiO, being calculated into ilmenite 
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Fig. 9. The relationship between the al-values of Niggli and the number of cations 
in the standard cell of rocks of Barth. 
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(FeO-TiO.). The sphene, however, is a characteristic accessory constituent 
of most granites, and especially of the synkinematic ones. 

Distribution of both mentioned minerals in different granites seems at 
first glance to be occasional, but taking them together they distinctly follow 
in their amount the femic constituents of the granites, as one can see from 
figure 10 where the sum of apatite and sphene (weight %) is plotted against 
fm-values. Expectedly, the granites having the highest numbers of cations 
in the standard cell of Barth are also richest in the mentioned accessory 
minerals, This finding also indicates that silica, alkalis, and alumina have 
been introduced mainly during the granitization and granite-forming pro- 
cesses, the femic constituents together with accessory sphene and apatite being 
derived from the pre-existing materials, either granitized or assimilated, 

The analyses of granites from the Gold Coast and Nigeria taken in 
the present study give the contents of barium and strontium. The BaO content 
is especially interesting. All granites in which barium was determined contain 
0.08 to 0.16 percent, except soda granite from the Gold Coast (8), which 
contains only traces of BaO, and gneissic granodiorite (13) with 0.01 percent 
BaO. 

The contents of strontium, on the contrary, are rather low. 

Unfortunately, the analyses showing the content of BaO are too few to 
allow any discussion, and in addition they are all from either the Gold Coast 
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Fig. 10. The variations in the contents of combined P:O; and TiOs, related to the 

variations of the fm-value of Niggli. A = the field of granites having the number of 

cations in the standard cell of Barth (n) more than 96.5; B = granites with 95 <n 

< 96.5; C = granites with n < 95 (in general West African granites overlapping the 
late kinematic fields). 
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or the Osi area of Nigeria. Such barium contents, however, are not regular 
in granites. For instance, the granites of Gwanda Gold Belt in Southern 
Rhodesia, according to analyses published by Tyndale-Biscoe (1940, p, 44- 
45), contain as a rule traces or nil of barium (except one dike forming 
“aplogranite” with 0.09 percent BaQ). 


CONCLUSIONS 
Owing to their chemical composition, the Birrimian granites of West 
Africa can be divided into two definite groups: 


(1) Those of usually granodioritic composition or approaching it, which 
occupy a definitely limited field in all graphs of figures 2 to 5, Their com- 
alk 


position is characterized by ——- < 3; fm is variable in most cases, however, 


between the values of 15 and 30; 6 < alk < 11, sodium usually being in 
excess of potassium (1 > K.O:Na,0); SiO, is very variable; the number 
of cations in the Barth standard cell is usually more than 95.0. On the aver- 
age these granites seem to be somewhat richer in alumina than the Svecofen- 
nide granites of the corresponding petrochemistry. 

(2) A definite group of granites exactly overlapping in their petro- 
chemistry the late kinematic field of the Svecofennide granites of Finland 
(fig. 3) where these granites occur discordantly cutting other rocks (also 
synkinematic granites) and tend to form dikes and veins, and often occur 
migmatizing older rocks. Owing to granitization, however, synkinematic 
granites may also acquire a chemical composition typical of late kinematic 
granites. 

The granites of this group are richer in silica, alumina, and alkalis than 
those of the first group, and the number of cations in the Barth standard cell 
is less than 95.0. 

Among these granites both sodic and potassic subgroups occur, 

These two groups correspond in their petrochemistry to the Svecofennide 
syn- and late kinematic granites respectively. In the field, according to the 
authors who published the analyses used in the present study, granites of 
the Gold Coast and the Osi area, Nigeria are in agreement with the two groups 
in this respect as well. 

From the experience obtained by the writer in Sierra Leone, there, within 
the Sula Mountains and Kangari Hills, the granites could be dependably 
determined to be either syn- or late kinematic. Necessary analytic material 
was not available, however, but from the micrometric measurements on the 
integration stage it was found that in their petrochemistry they also are prob- 
ably in good agreement with the Svecofennide syn- and late kinematic granites. 

The granites of French West Africa fall into the mentioned petrochemical 
groups, but these groups do not fit into the classification used in French West 
Africa, which is based on the concordant and discordant nature of the 
batholiths. 
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AGE OF THE OBSIDIAN FLOW AT GLASS MOUNTAIN, 
SISKIYOU COUNTY, CALIFORNIA 


CHARLES W. CHESTERMAN 


ABSTRACT. Samples of wood from tree trunks standing in a bed of pumice at Glass 
Mountain, eastern Siskiyou County, California, give a maximum age of 1660+300 years, 
a minimum of 1107+380 years, and an average of 1360+240 years, when dated by the 
radiocarbon method. 

As the trees were killed by the pumice fall, the age of the pumice is no more than 
1660+ 300 years and no less than 1107+380 years. The age of the rhyolite obsidian and 
composite flows that overlie the pumice cannot exceed 1660+300 years, and are more 
probably only 750 to 1000 years. 


INTRODUCTION 


Glass Mountain, a prominent peak of volcani«: glass, stands high on the 
Medicine Lake Highland in eastern Siskiyou County, a few miles west of 
the Modoc-Siskiyou county line. The Medicine Lake Highland, which culmin- 
ates at Mount Hoffman at an elevation of 7913 feet, is bordered on three sides 
by a plateau of lavas that has an average elevation of 4800 feet. 

Glass Mountain was briefly described by Powers (1932, p. 280), and 
by Peacock (1931, p. 271), who also described other geologic features in the 
Modoc Lava Bed quadrangle. The first detailed account of the mountain was 
by Anderson (1933), who reconstructed its geologic history and discussed 
the relations of the various glassy rocks. A more comprehensive report on 
the Medicine Lake Highland was later published by Anderson (1941) in 
which the volcanoes of the area and the formation of Glass Mountain were 
discussed thoroughly. 

During an investigation of the pumice deposits in the vicinity of Glass 
Mountain for the California State Division of Mines, the presence of standing 
tree trunks was called to the writer’s attention in 1951 by Roy N. Fouch, owner 
of the pumice property. The trunks were examined and photographed in the 
field, their position with respect to the pumice beds noted, and samples of 
the wood collected for further study. Upon the suggestion of Professor Howel 
Williams, of the Department of Geology at the University of California, 
samples of the wood were sent to Dr. W. F. Libby at the Institute of Nuclear 
Studies in Chicago, where the age of the wood was determined by the radio- 
carbon method. The writer is indebted to Professor Howel Williams for aid 
in obtaining radiocarbon dating of the wood samples, to Dr. W. F. Libby 
for making the age determinations, to Drs. R. A. Cockrell and B, A. Anderson, 
of the Department of Forestry at the University of California, for identifying 
the wood samples used, and to Dr, G. Dallas Hanna, California Academy of 
Sciences, for valuable assistance and suggestions made during the course of 
this investigation. 


GEOLOGY OF GLASS MOUNTAIN 


Glass Mountain stands well above many of the other peaks on the north- 
east part of the rampart which encircles Medicine Lake and is particularly 
prominent when viewed from the north and northeast. In direct contrast to 
the surrounding forest-covered ridges and peaks, Glass Mountain is quite 
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series of older flows several vents developed along a fissure that strikes ap- 
proximately N30°W. From these vents an abundance of grayish-white pumice 
was discharged to form at least seven cones, of which the largest was prob- 
ably located near the present site of Glass Mountain. The pumice from the 
vents was widely distributed over the surrounding country and formed a 
loosely consolidated pumice tuff-breccia covering a fan-shaped area that ex- 
tends out in a northeasterly direction from Glass Mountain. 

At Tionesta, a small town on the Great Northern Railroad, about 10 
miles east of Glass Mountain, the tuff-breccia forms a thin mantle several 
inches deep on the ground. Nearer Glass Mountain, however, it forms deeper 
deposits, and in a small area about one-half mile from Glass Mountain test 
drilling has indicated the tuff-breccia to a depth of 60 feet. The average size 
of the pumice fragments is larger near Glass Mountain than in those places 
where the tuff-breccia mantle is only a few inches thick. Numerous bombs 
showing “bread crust” surfaces and pumice blocks as much as 2 feet in 
diameter are commonly found on the pumice cones north of Glass Mountain. 

Following the deposition of the pumice tuff-breccia, glassy lavas broke 
through the large pumice cone at Glass Mountain, poured down the eastern 
and western slopes, and formed a composite flow composed of stony dacite 
and rhyolite obsidian some 314 miles long. The upper surface of this com- 
posite flow is very rough and hazardous to travel. Overlying this composite 
flow is a second rhyolite obsidian flow of less areal extent (fig. 1). The second 
flow was emplaced as a viscous lava that formed a flow front or margin which 
stands out conspicuously from the composite flow. The obsidian in the second 
flow is variously colored, ranging from massive black to banded black and 
gray and even mottled brown and black, The closing stages of volcanic activity 
were marked by the rise of a dome of medium-gray rhyolite glass containing 
numerous vesicles. The upper surface of this dome is pumiceous in part and 
covered by collapsed spines and partly filled depressions. 

The pumice beds.—In the open pits in the tuff-breccia north of Glass 
Mountain are exposed two separate beds of pumice which indicate at least 
two distinct periods of volcanic activity giving rise to pumice, The bottom 
bed rests upon an uneven surface of basalt, red to black in color, from which 
it is separated by a thin veneer of dark soil derived from the basalt, Because 
of the uneven nature of the underlying basalt flow, the bottom pumice bed 
ranges in thickness from a few inches to several feet. The material in the 
bottom bed is composed principally of angular pumice fragments that range 
in size from dust-like particles to bombs 6 inches in diameter, and are stained 
dirty gray. 

Separating the two pumice beds is a pumiceous, dirty brown soil horizon 
that ranges in thickness from 6 inches to a foot or more, In this soil horizon 
the trees were rooted when they were killed and entombed by the second or 
top pumice fall. 

The top pumice bed is much thicker than the bottom bed. It has been 
well exposed in a number of quarries and test pits and ranges in thickness 
from a few feet to at least 30 feet. The average thickness exposed in the Fouch 
pit is 12 feet. The pumice fragments are angular, range in size from dust-like 
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particles to bombs 6 inches in diameter, and are grayish-white in color. Minor 
amounts of black obsidian and small angular fragments of pinkish rhyolite 
and dark-brown basalt are also present in the top bed. 

The rhyolite obsidian flow (second obsidian flow) along the northwest 
margin of Glass Mountain overlaps the underlying composite (stony dacite- 
rhyolite) flow and rests directly upon the top bed of the pumice tuff-breccia. 
All contacts between these several rock units are sharp, and it is not possible 
to determine the intervals of quiet and erosion between the tuff-breccia and 
the overlying flows of volcanic glass. In all probability the interval was one 
of quiet since the pumice cones are fairly well preserved, and the loosely 
consolidated pumice tuff-breccia can have offered little resistance to erosion. 

The buried tree trunks.—During the course of mining pumice at the 
Fouch pit, several buried tree trunks were exposed, The largest of these trunks 
is 8 feet tall, 24 inches in diameter at the butt, and 14 inches in diameter at 
the top (pl. 1-A). The smallest trunk measures 7 feet tall and about 6 inches 
in diameter at the top where the tree was broken off. All the trunks examined 
are exceedingly well preserved, strongly resembling fence posts that have been 
in the ground for a few years. The wood in the trunks was found to be per- 
fectly sound, and several of them contained so much pitch that all tools used 
to obtain samples soon became heavily encrusted with a sticky coating of pitch. 

The surface of the trunk of the largest tree is fluted parallel to the length 
of the tree (pl. 1-A). Since the trunk is fluted all over, it is thought that the 
fluting was due to forest fires that consumed much of the tree, especially the 
sap wood. Had the flutings appeared only on one side of the trunk, the fluting 
could possibly have been caused by the abrasive action of the pumice frag- 
ments as they hurled through the air. 

A small amount of bark was found at the base of one of the trunks, but 
it was so water-logged and decayed that no samples were obtained for study. 

All the trunks were standing in a vertical or nearly vertical position and, 
prior to mining operations, were completely covered by pumice, The tops of 
the trees could not be found nor were any found during the course of mining. 

The trunks are rooted in the soil horizon and the pumice bed lying be- 
neath. Samples of their woods were submitted to Professors R, A. Cockrell 
and B. A. Anderson, who identified them as Pinus ponderosa, one of the 
several species of hard pines which now grow in the vicinity of Glass Mountain 


and on the Medicine Lake Highland. 


AGE OF THE LAST PUMICE FALL AND RHYOLITE-OBSIDIAN FLOW 


In attempting to assign a tentative age in years to either the last pumice 
fall or the second rhyolite-obsidian flow, certain assumptions were made, The 
firsi assumption is that the largest tree, which measures about 24 inches in 
diameter, was at least 225 years old when it was killed and completely en- 
gulfed by the pumice. The age of this tree was determined by counting the 
rings of growth. This establishes an interval of time between the pumice falls 
as on the probable order of 300 to 350 years. The second assumption is that 
the outpourings of the composite flow and the rhyolite-obsidian flow were 
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part of a single cycle of volcanism and followed in very close succession the 
deposition of the top bed of the pumice tuff-breccia. 

The age in years given by the radiocarbon method is 1660+300 years 
as a maximum, 1107+380 years as a minimum, and 1360+240 years as an 
average, and this actually establishes a tentative age for the last pumice erup- 
tion. Since the interval of time between the last pumice eruption and the out- 
pourings of the flows of rhyolite obsidian is not known, the tentative age in 
years of the latter flows is not known. 

In describing the Burnt Lava Flow, which is located only a few miles 
south of Glass Mountain, Finch (1933, p. 181) assigns a tentative age of the 
flow at 3000 years: “ ... Nearly mature trees are growing on the cinder cone 
(also called the High Hole Crater) as well as at places in the flow itself. Some 
trees that were growing on the flow next to the youngest flow were estimated 
to be 300 years old. Pumice fragments and occasionally small pieces of dark- 
gray obsidian are found on all flows, though they become less abundant toward 
the southern end of the area.” 

Undoubtedly, the pumice lying upon the Burnt Lava Flow came from 
Glass Mountain, The last pumice fall at Glass Mountain is approximately 
1360+ 240 years old, and since some of this pumice lies upon Burnt Lava 
Flow, the Burnt Lava Flow is older than the pumice. 

It is possible to determine the age of the Burnt Lava Flow by the radio- 
carbon method since, according to Finch (1933, p. 181), “ . . . Both charred 
and uncharred tree remains are found at many places along the edges of 
the flow.” By determining the age of the Burnt Lava Flow, it would then be 
possible to determine the interval of time between it and the overlying pumice, 
and also arrive at some fairly definite conclusions regarding the various in- 
tervals of time between successive volcanic eruptions. 


CONCLUSIONS 


As the age of the wood according to the radiocarbon method is 1360+ 
240 years, and assuming that the interval of time between the last pumice 
eruption and the outpouring of the composite and rhyolite flows was at least 
350 years, the age of the Glass Mountain rhyolite obsidian flow would be 
1000+300 years. If, however, the age of the last pumice eruption is the mini- 
mum, 1107+380 years, and the interval of time between the eruptions was 
350 years, the minimum age of the Glass Mountain rhyolite-obsidian flow 
would be approximately 755+ years, This age determination is slightly greater 
than that given by Peacock (1931, p. 271) whose estimate of 500 years was 


<A. Close-up of the largest tree trunk found in the Fouch pumice pit. All wood ex- 
posed in this trunk is heart wood, which is full of pitch and has an odor typical of present- 
day living hard pines. The wood has been identified as Pinus ponderosa. Roots of the trunk 
are in the soil horizon and pumice bed below. Dark coloration on lower part of trunk 
is due to moisture, Observer faces north. 


<< B. North tip of Glass Mountain is in the background. Fouch pumice pit is in the 
foreground, Pumice bed (P) is about 12 feet thick and represents the second or latest 
pumiceous eruption. It is overlain by the flow of rhyolite-obsidian (ro), about 200 feet 
in thickness, the front of which may be seen in the middle distance, Observer faces 
southeast. 
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based in part upon legends of the Modoc Indians and upon the presence of 
a dead cedar tree which is estimated to have been standing for 500 years. 
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REVIEWS 


Introduction to Theoretical Mechanics; by R. A. Becker. P. xiii, 420; 
246 figs. New York, 1954 (McGraw-Hill Book Company, $8.00).—The ideal 
textbook is one that is satisfactory to both students and teachers. /ntroduction 
to Theoretical Mechanics, which is a text designed for physics majors, appears 
to satisfy that requirement. The author has carefully prepared a text with 
many illustrative problems and many well-chosen exercises for the student 
to attempt, Many of the problems have been chosen from the Cambridge 
treatises by Lamb, Routh, Ramsey, and Love. In addition the application to 
problems of modern physics is stressed. 

Beginning with a chapter on vector analysis, the author proceeds to 
cover the statics and dynamics of particles and of rigid bodies. The central 
force problem, statistics of a suspended cable, accelerated frames of reference, 
top motion, vibrations and normal coordinates, and the La Grangian and 
Hamiltonian formulations are among the topics that are treated, An ap- 
pendix containing a review of ordinary differential equations and Fourier 
series is present for convenience to the student. 

The chapter on generalized coordinates is an excellent example of the 
care that has been taken by the author. He shows how one can use the equa- 
tions of La Grange to find forces of constraint. It is also pointed out that L 
is not always equal to T-V and that the Hamiltonian is not always the total 
energy. 

The reviewer can recommend this text without any reservation. 

PHILIP ROSEN 


Low Temperature Physics; by C. F. Squire. P. x, 244; illustrated. New 
York, 1953 (McGraw-Hill Book Company, $6.50).—In these days of rapidly 
increasing research activities, a book which surveys a given field of endeavor 
is generally a welcome addition to the literature. Low Temperature Physics by 
C. F. Squire is a survey of the properties of matter at low temperatures. Be- 
ginning with a discussion of the methods of obtaining low temperatures, the 
author proceeds to cover the properties of liquid helium, superconductors, 
magnetic materials, dielectric materials, and the thermal characteristics of 
the solid state. This wide range of subject matter consumes about 240 pages. 

Along with discussions of experimental behavior of matter at low tem- 
peratures, the author injects chapters and paragraphs on the theoretical aspects 
of the subject. In a chapter on the equation of state, the method of finding 
the second virial coefficient of quantum gases using the concept of the “Slater 
Sum” is described. A poor description is given of the free volume theory of 
the liquid state and no mention is made of the Yvon, Born, Green, and Kirk- 
wood theory of liquids. In this chapter the author is not careful to distinguish 
between statistical quantities for y and for » space. 

In chapter 6, the author describes the theory of liquid helium of F. 
London in a superficial manner. The gaps in the logical development are 
marked. Also given in this chapter are short sections on the two-fluid model 
with an application to the “second sound” problem. In describing Tisza’s 
theory of “second sound,” the peculiar statement is made that “he emphasized 
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Landau is disposed of in about a page and the incorrect statement is made 
that “Rotons go over into phonons as the A point is approached.” 

On the whole this reviewer finds that the book is brief and superficial. 
In many sections the logical development is discontinuous. The ordering of 
material is sometimes annoying because comprehension of a section depends 


on material further on in the book. The author relies heavily on references 
to the literature to overcome some of these difficulties but with little success. 
The one aspect of the book that can be praised is the author’s ability to 
stress the unsolved problems in low temperature physics. This ability often 
proves stimulating. PHILIP ROSEN 


Seismology; by K. E. BuLien, P. viii, 132; 15 figs. London, 1954 
(Methuen & Co.) and New York (John Wiley & Sons, $2.00).—This small 
volume, easily carried in a coat pocket, gives a reasonably up-to-date and 
concise outline of a difficult and rapidly growing scientific discipline. The 
treatment is elementary for users who have fair equipment in mathematical 
physics. Equations that are fundamental in seismic theory are derived 
sketchily, and readers who may desire fuller mathematical background are 
referred to the author’s larger textbook, Anyone who will take the mathe- 
matical derivations on faith can still follow with profit the clear English text. 

In the words of the author, a well-known theoretical seismologist in the 
University of Sydney, the general plan of the book is “to trace the course of 
seismology, in broad outline, from the stage of field observations through 
instrumental seismology and the related theory of transmission of seismic 
waves, to the point at which a significant contribution is made to knowledge 
of the Earth’s deep interior and related matters.” An explanation of longi- 
tudinal and transverse waves in an ideally homogeneous medium is followed 
by discussion of problems involved in fitting the theoretic concepts to our 
inhomogeneous Earth. The longest chapter, “Seismology and Geology,” ex- 
plains the use of seismic methods in exploring the structure of the Earth’s 
crust, Large uncertainties and rapid changes in pictures drawn from these 
studies are emphasized when we realize that Bullen’s book was written just 
too early to permit mention of the large-scale investigation in this country 
by Tatel, Adams, and Tuve. 

Birch’s contributions in the study of deeper zones are mentioned favor- 
ably. Laymen find especially fascinating the probing of the deep interior, and 
are impressed by the essential agreement among leading students on several 
major points, including an abrupt rise in density together with a change from 
solid to fluid phase at depth about 2900 km, and the existence of an inner 
core with considerable rigidity. On other points opinions are still far apart. 
Does the depth 2900 km mark an abrupt change in chemical composition? 
Bullen favors the view that the inner core is composed of metals, but seems 
open minded to a suggestion that ultramafic rock makes up the fluid part 
of the core—‘region E”—as well as the lower part of the mantle. Lay readers 
will be puzzled by this. Can a critical pressure be invoked to explain both an 
abrupt increase in density and a transition from solid to fluid state? 
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The author’s discussions are well documented, and each chapter ends 
with a selected bibliography. Let us hope for future editions of this helpful 
little book, to keep us posted on advances in one of the most active fields of 
physical science. CHESTER R, LONGWELL 


Geology of the Valyermo Quadrangle and Vicinity, California; by LEVI 
F. Nosie. U. S. Geological Survey Geologic Quadrangle Map No. 50. Wash- 
ington, 1954 (2 sheets, $1.00).—The Valyermo geologic map is the second 
of this Survey series for California. The first, the Pearland Quadrangle (G. 
Q., No. 24), was also by Noble and was reviewed in this JoURNAL (1954, v. 
252, p. 509). Here, as in the Pearland Quadrangle, the mapped area straddles 
the San Andreas fault on the north side of the San Gabriel Mountains, some 
40 miles northeast of Los Angeles. On the Valyermo six-minute map sheet, 
which also includes small portions of two adjoining quadrangles, are three 
cross sections, two black-line perspective figures (by Philip King), and an 
explanation of rock units. The text sheet includes a fault map of southern 
California, a geomorphic-tectonic map of the quadrangle, and a geologic 
map of a 50-mile stretch of the San Andreas zone, which includes portions 
of both the Pearland and Valyermo quadrangles. 

This work, which has involved a considerable portion of Noble’s efforts 
during a span of more than forty years, is a meritorious achievement in 
geologic research and clarity of presentation, It serves to re-emphasize the 
importance of the geologic map to interpretations of Earth history; in this 
case a “biography” of the San Andreas fault zone is developed. It also serves 
as a model of geologic presentation; in this case a segment of the San Andreas 
is “laid out” to provide maximum understanding by others. Only two carto- 
graphic errors are known to this reviewer: (1) the color of the upper Martinez 
on the sections is not in accord with the map; and (2) a sliver of Punchbowl 
formation instead of Pelona schist is shown south of Cajon Creek, in the 
southeast corner of figure 3. 

Noble describes the San Andreas fault as trending N. 65° W. across the 
quadrangle and, as clearly marked by a chain of recently developed narrow 
ridges and trenches, mostly in alluvium. This fault trace is within a like trend- 
ing, relatively depressed, San Andreas fault zone, ranging from one-half to 
one mile in width, which comprises brecciated Holcomb quartz monzonite 
(new name, Cretaceous?) and Pinyon Ridge granodiorite and gneiss (new 
name, Jurassic?) overlain by up to a few hundred feet of highly folded and 
faulted continental clastic, western facies, Punchbowl formation (upper 
Miocene). The Punchbowl is unconformably overlain by a thin folded and 
faulted section of the Harold formation (Pleistocene). Both of these forma- 
tions occur in separate facies on either side of the San Andreas fault. The 
next younger Shoemaker gravel (new name, Pleistocene) is locally highly 
deformed and occurs only north of the San Andreas fault in this quadrangle, 
although the unit does occur south of the fault in the quadrangle to the west. 
Older and Younger alluvium, locally deformed into ridges and trenches, 
commonly occur within the San Andreas fault zone. 
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North of the fault zone a ridge of only slightly fractured Holcomb quartz 
monzonite, including northwest-trending pendants of Paleozoic (?) limestone, 
is blanketed northward by the northward-thickening alluvial deposits of Ante- 
lope Valley. South of the fault zone is a highly faulted and folded two-mile 
wide synclinal block comprising 4000+ feet of eastern facies Punchbowl 
formation and 6000+ feet of marine clastic Martinez formation (Paleocene) 
which rest on the Pinyon Ridge granodiorite and gneiss. This block is sep- 
arated to the south from Pleasant View Ridge, comprising the Pleasant View 
complex (new name, Mesozoic to Precambrian) of plutonic and metamorphic 
rocks, by a 1000-foot wide zone of similar crushed basement rocks, which 
occur between the steep N. 65° W. trending Punchbowl and San Jacinto 
faults. 

In this reviewer's opinion Noble’s work here will become recognized 
as a classic in the study of the character, amount and history of fault dis- 
placements as well as a fundamental contribution to the understanding of the 
San Andreas fault zone. His conclusions regarding movements on the fault 
may be summarized as follows: (1) recency of movements is attested by the 
development of ridges, trenches, and scarps in alluvium; (2) stream channels 
have been offset in a right lateral sense a distance in excess of one mile; (3) 
the separation of occurrences and facies of the Shoemaker gravel and Harold 
formation indicates a right lateral-slip on the San Andreas of approximately 
five miles since Pleistocene time; (4) a unique match of facies within the 
Punchbow!] formation substantiates a cumulative right lateral-slip of 30 miles 
since upper Miocene time; (5) a mismatch of basement rocks on either side 
of the San Andreas zone in this area and the possibility of matching crystalline 
rocks in the San Bernardino Mountains with the Pleasant View complex 
suggest the possibility of over 50 miles of displacement in the same sense. 

Although Noble expressed some of these concepts with respect to large 
cumulative strike-slip on the San Andreas as early as 1926, he met with what 
turns out to be arbitrary opposition, and refrained until lately from reaffirm- 
ing his conclusions. In the Pearland report, with the evidence restricted to 
that quadrangle, he demonstrated only a few miles of strike-slip displacement, 
whereas in this report, with a 50-mile segment of the fault considered, he 
demonstrates a few tens of miles of right lateral movement. It seems likely 
to this reviewer that, when a still longer segment of the fault zone is as in- 
telligently mapped and older rocks are matched, still greater strike-slip 
displacements will be ascertained. It will be enlightening to know where the 
counterpart of the Vasquez formation of the Palmdale Quadrangle occurs, if 
preserved, on the north side of the San Andreas, or the Mill Creek beds of 
the Redlands Quadrangle on the south side of the fault; and what regional 
mapping and petrographic studies of the Pelona schist, and other pre-Tertiary 
crystalline rocks, may reveal about the history of movements on this great 
fault zone. MASON L, HILL 


The Principles of Historical Geology; by J. W1LLis StovALL and Howarp 
E. Brown. P. viii, 472; New York, 1954 (Ginn and Company, $6.00).— 


This highly readable new text of historical geology maintains a uniform pace 
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with no appreciable variations in writing style or degree of technicality. The 
book is greatly enhanced by the vivid paleomorphologic maps prepared for 
each geologic period and the 12 physiographic-structural block diagrams 
of the United States. These excellent additions to the text produced by Edwin 
Raisz should be very helpful in providing the student with a grasp of the 
broader aspects of each period and the relationships of structure, geologic 
history, and physiography of areas in the United States. The stratigraphic 
columns and cross-sectional diagrams by Edward Schmitz are well executed 
and are effective in illustrating geologic history and principles. The recon- 
structions of prehistoric life (17 pls.) by Thomas W. Voter were based on 
exhibits of the American Museum of Natural History and are successfully 
employed in providing the student with an over-all glimpse of the faunas and 
floras of ancient times. Carefully selected and well-reproduced photographs 
are liberally used throughout the text to illustrate stratigraphic, structural, 
and lithologic features. Plates of illustrations of representative fossils are 
presented for most of the periods of the Paleozoic and Mesozoic except for 
the curious lack of any illustrations of representative fossils for the Missis- 
sippian, Pennsylvanian, and Permian periods. This omission is difficult to 
understand in view of the importance of such fossil groups as the brachiopods, 
crinoids, blastoids, ammonoids, and fusulinids in correlating the rocks and 
interpreting the history of these periods. 

The early chapters of the book are logically devoted to developing a 
concept of the scope and principles of historical geology. This is well developed 
through lucid discussions of such topics as place of the Earth in the universe, 
origin of the universe, development of the geologic time scale and means of 
determining absolute age, nature and evolution of life, fossils and their signi- 
ficance, and principles of correlation. 

The following chapter on the biology of the major taxonomic groups of 
animal and plant life, in conjunction with the appendix for the identification 
and classification of fossils, should serve to familiarize the student with the 
important aspects of each group so that subsequent descriptions of the fossil 
record for each period are more meaningful to the student. This is a welcome 
change from many historical texts, since it has been the reviewer’s experience 
that many first-year geology students have had no taxonomic biology and 
therefore have little or no knowledge of the fundamentals of classification 
and what it means. This chapter however could readily be improved by the 
inclusion of illustrations of the morphology of living and fossil forms of the 
more important groups. This is particularly true since some of the important 
fossil groups such as the foraminifers and graptolites are poorly illustrated 
(or are absent) in the plates of fossils for the various periods, Although not 
of fundamental importance in teaching historical geology, the order of treat- 
ment of the invertebrate phyla is not consistent with current thought. 
Although the correct taxonomic position of the graptolites is still somewhat 
doubtful, it is quite generally agreed that they are not members of the phylum 
Coelenterata. Generally modern paleontology texts treat the echinoderms after 
the arthropods and as the last major invertebrate phylum since in many 
respects the echinoderms are more closely related to the vertebrates. The 
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authors in Appendix B, p. 462, state: “Arachnids . . . may possess great 
evolutionary significance, as it is regarded by many authorities as a link 
between the lower forms and the vertebrates.” This statement may be entirely 
correct, but in the interests of objectivity and coverage the authors should 
have discussed the evidence (equally convincing, or more so) which suggests 
the echinoderms as the most closely related to the vertebrates, 

The succeeding chapters devoted to discussing the physical history of 
each geologic period are well organized and presented. The chapter usually 
opens with a short discussion of the existing physiography of North America. 
This is followed by a general description of rocks formed during the period, 
the major subdivisions of the period, the physical history based on an in- 
terpretation of the rocks and fossils found in the system, the distribution of 
the system in foreign areas, the economic products derived from rocks of the 
system, climate, and life. 

Although every book will have occasional errors due to type-setting 
mistakes and oversights in proof reading, there appear in this book mistakes 
that are difficult to attribute to these sources. Some of these mistakes are as 
follows: the map showing the distribution of Late Proterozoic mountains is 
labeled as Late Paleozoic; a photograph of a St, Peter sandstone and Platte- 
ville limestone section is captioned “ . . . St, Peter sandstone and older 
Platteville limestone . ”: a figure of Columnaria is called Streptelasma; 
the block diagram of Niagara Falls creates the impression that at the present 
falls a shale stratigraphically higher than the Lockport dolomite is holding 
up the falls; the text has the dip of normal faults of the Triassic of Connecti- 
cut and New Jersey interchanged; the authors state that south of the Connec- 
ticut area the Triassic sandstone and shales are chiefly greenish-gray, whereas 
they really are predominantly red in New Jersey, Pennsylvania, Maryland, 
and Virginia; the Jurassic Rhynchonella is called a pelecypod; and a photo- 
graph of Tertiary sediments folded into a gentle syncline is captioned as an 
anticline. 

Although the student of historical geology may receive erroneous im- 
pressions on several points from this book in its present form, the new 
paleomorphological maps and physiographic-structural block diagrams make 
the book very attractive as a text for historical geology. Upon casual examina- 
tion the reviewer was impressed by the usability of this text, but closer 
examination raised serious doubts. It is hoped that an early revision of the 
book with slight changes in content and correction of the many errors will 
be forthcoming, This book should then become a highly valuable addition 
to the historical geology texts now available. ELROY P, LEHMANN 


Journal of the Geological Society of Australia. Volume 1 for the year 
1953. Adelaide, South Australia, June 1954, P, 133; 34 figs., 6 pls.—Austral- 
ian geology has made great strides since World War II but has lacked a 
mouthpiece through which its results could be made known to the outside 
world. Except for a few articles that occasionally appeared in American and 
English periodicals, the large geological literature on Australia was hidden 
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away in the proceedings of half a dozen Royal Societies, four or five museum 
reports series, and similar publications of equal inaccessibility to the average 
geologist abroad. The newly established Geological Society of Australia has 
now published its first volume of scientific papers with M. F. Glaessner as 
editor. Although it contains, strangely enough, no general announcement or 
policy statement, the reviewer has been informed that it will be the policy 
of the new Journal to give high priority to papers of general interest, which 
will appeal to geologists in other continents, and present a cross section of 
geological thinking in Australia. 
The five papers contained in this first volume are representative of 
this aim. They are: 
Scapolitization in the Cloncurry district of northwestern Queensland; 
by A. B. Edwards and G. Baker 
Mesozoic stratigraphy and history of the Canning Desert and Fitzroy 
Valley, Western Australia; by R. O. Brunnschweiler 
Stereographic distinction of linear and planar structures from apparent 
lineations in random exposure planes; by E. Den Tex 
The Rheid concept in geotectonics; by S. W. Carey 
Turbidity currents and the graptolite facies in Victoria; by E. S. Hills 
and D. T, Thomas 
If succeeding volumes measure up to the standard of this debutant, the 
new Journal will soon gain recognition and increased circulation, and the 
voice of Australian geology will become more audible abroad. 
CURT TEICHERT 
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Resources Circular 2. Charlottesville, 1954. 
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